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Abstract 
 
Fusarium oxysporum is a root-infecting fungal pathogen that causes wilt disease on a broad range 
of plant species, including Arabidopsis thaliana. Investigation of the defence response against this 
pathogen has primarily been conducted using leaf tissue and little is known about the root defence 
response. In this study, we analysed the expression of root genes after infection with F. oxysporum 
by microarray analysis. In contrast to the leaf response, the root tissue did not show a strong 
induction of defence associated gene expression and instead showed a greater proportion of 
repressed genes. Screening insertion mutants from differentially expressed genes in the microarray 
uncovered a role for the transcription factor ETHYLENE RESPONSE FACTOR72 (ERF72) in 
providing susceptibility to F. oxysporum. Due to the role of ERF72 in suppressing programmed cell 
death and detoxifying reactive oxygen species, we examined other mutants known to possess higher 
and lower ROS production in response to pathogen challenge. We found that the 
pub22/pub23/pub24 U-box type E3 ubiquitin ligase triple mutant  which possesses an enhanced 
oxidative burst as well as the peroxidase33 mutant which possesses a reduced oxidative burst to 
have increased resistance and increased susceptibility, respectively, to F. oxysporum infection. We 
therefore identify a role for the oxidative burst in F. oxysporum resistance and identify new genes 
involved in the root response to F. oxysporum.    
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1.1 General introduction 
 
Fusarium oxysporum is one of the most devastating root pathogens, affecting a broad range of 
vegetables, fruits and industrial crops (Armstrong and Armstrong, 1981). However, there are 
currently no effective methods to control F. oxysporum. The use of fungicides, soil fumigants and 
bio-control agents are largely ineffective, and in the case of fungicides and fumigants, can also be 
harmful to the environment. The fungal pathogen may also have fungicide resistance due to the 
thick-walled chlamydospores (Harrach et al., 2013).Hence, with the lack of control,  once F. 
oxysporum, is present,  many fields remain infected and farmers suffer from crop yield losses. The 
development of crops that are resistant to F. oxysporum is therefore essential for agriculture. 
 
Pathogenic F. oxysporum occurs as host specific strains infecting many different plant species, such 
as, banana, cotton and tomato. For instance, the strains that infect banana are known as  F. 
oxysporum f.sp. cubense (Foc) the causal pathogen of Panama disease, the disease that devastated 
banana production in the 1950s and stopped production of the Gros Michel cultivar. A new threat 
for banana production has arisen from the tropical race 4 isolate of Foc that has spread through 
much of  South East Asia and has recently been reported in Jordan and Mozambique (Garcia et al 
2013). Therefore, there is an urgent need for a novel development in plant resistance to this 
pathogen to protect crops such as banana, tomato and cotton. 
 
The ecotype Columbia-0 (Col-0) of the model plant Arabidopsis thaliana is also a compatible host 
for F. oxysporum and is considered moderately resistant compared to other ecotypes of A. thaliana. 
However, Arabidopsis thaliana is not a host for all Fusarium species, but it is a good experimental 
model to investigate the F. oxysporum pathosystem.  Modulation of plant hormone pathways 
through mutation or over-expression of defence signalling genes in the Col-0 background can alter 
its resistance and has therefore provided insights into processes governing either increased 
resistance or increased susceptibility to this pathogen. We define plants that have decreased 
symptom expression as having increased “resistance” as often they survive longer than the wild-
type (WT) (. However they may also be defined as being more “tolerant” as the modified lines do 
not generally show complete resistance.  For instance, mutation of AtMYC2, encoding a basic helix-
loop-helix transcription factor which is a positive regulator of ABA signalling, results in an 
enhanced level of transcription from JA- andET-responsive defence gene expression and the T-
DNA insertion mutant also showed an increased level of resistance or tolerance to F. oxysporum 
(Anderson et al., 2004). Furthermore, Berrocal-Lobo and Molina (2004) showed that over-
expressing ETHYLENE RESPONSE FACTOR1 (ERF1) a transcription factor that activates JA- and 
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ET-responsive defence gene expression, also increases resistance/tolerance to F. oxysporum. While 
these studies show that suppression of negative regulators of plant defence or over-expression of 
positive regulators of plant defence might confer increased resistance to F. oxysporum, our 
knowledge of the F. oxysporum interaction has become more complex with the finding of additional 
mutants, such as the coi1 (coronatine insensitive1) and med25 (mediator25) mutants, that have 
decreased defence gene expression, yet increased resistance (Kidd et al., 2009; Thatcher et al., 
2009). Therefore further research is needed to investigate what other processes may provide 
resistance to F. oxysporum.   
 
Microarrays present a useful tool for exploratory analyses of Arabidopsis gene expression during F. 
oxysporum infection. The transcriptional profiling of Arabidopsis roots during infection was 
performed using microarrays. Key genes that were differentially expressed during the plant-fungus 
interaction were identified. We hypothesise that some of these genes play a major role on conferring 
resistance against F. oxysporum and may provide future strategies for combating plant disease. 
1.2   Soil-borne fungal pathogens 
 
Plants face many different abiotic and biotic stresses during their lifetime. The abiotic stresses result 
from environmental stresses, such as heat, salinity, lack of nutrients and drought stress. The biotic 
stresses include plant disease caused by pathogens, such as viruses, bacterial and fungal pathogens, 
as well as stress due to insects, herbivores and parasitic plant interactions. In this study, we will be 
primarily focusing on fungal pathogen disease.  
 
Fungal pathogens can be simply classified into two categories, biotrophic or necrotrophic, 
depending on how they acquire nutrients from the host plant. Many biotrophs live in the 
intercellular region between leaf mesophyl cells, and some produce haustoria as feeding structures 
that allow them to absorb nutrients from host plants (Voegele et al, 2003; Ellis et al, 2006). In 
contrast, necrotrophic pathogens produce toxins to kill host plants to absorb nutrients (Agrios, 
2005). However, it is important to note that some pathogens may behave as both a necrotroph and a 
biotroph depending on the different stages of the infection cycle. These pathogens are considered as 
“hemi-biotroph” Many hemi-biotrophic pathogens act as biotrophs at an early stage, feeding on 
living cells and establishing infection before shifting to a necrotrophic phase to complete their life 
cycle (Brown and Ogle, 1997). 
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1.3 The plant immune system 
 
Plant roots are surrounded by a diverse range of microorganisms in the rhizosphere. Root-microbe 
interactions can be either beneficial or pathogenic (Whipps, 2001) and a fast and accurate 
assessment of the surrounding organisms is essential for the plant’s survival. Due to the threat that 
pathogens pose, plants have evolved an immune system to defend against potential invading 
organisms. Unlike animals, plants do not have an adaptive immune system with a diverse repertoire 
of B and T lymphocytes (Martinon et a.l, 2005; Vivier and Malissen 2005). Instead, they rely on the 
innate immunity of each cell and systemic signals emanating from infection sites (Dangl and Jones 
2001). Plants have evolved two layers of innate immunity to defend against pathogen attack:  
pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered 
immunity (ETI) (Jones and Dangl, 2006).  PTI  is activated in response to the detection of PAMPs, 
such as bacterial flagellin. Plants possess pattern recognition receptors (PRRs) at the plasma 
membrane which activate downstream defence responses such as callose deposition (Zipfel et al., 
2004).. In leaves, PAMP detection leads to a signal transduction and amplification kinase cascade 
that triggers the activation of pathogenesis related (PR) proteins (Navarro et al., 2004), the 
production of reactive oxygen species (Lamb and Dixon, 1997) and many secondary metabolites, 
including the deposition of callose, that act as physical and chemical barriers to prevent pathogen 
attack (Aist and Bushnell, 1991). Pathogens try to overcome PTI by delivering effectors into host 
cells or the apoplastic space, which can interact directly with host proteins to suppress PTI (Li et al., 
2005; Thilmony et al., 2006; Truman et al., 2006), resulting in effector-triggered susceptibility 
(ETS).  
 
According to Jones & Dangl (2006), the plant immune system can be represented as a four phased 
“zigzag” model (Figure 1.1). In phase I, PAMP are recognised by PRRs, resulting in PAMP-
triggered immunity (PTI) that can stop further colonisation. In phase 2, pathogens secrete effectors 
to enhance pathogen virulence, resulting in effector-triggered susceptibility (ETS). In phase 3, the 
pathogen effector is recognised either directly or indirectly by a resistance protein, for example a 
NB-LRR protein, resulting in effector –triggered immunity (ETI). Recognition leads to an amplified 
resistance response, and in the case of biotrophic pathogens, results in a hypersensitive cell death 
response (HR) at the infection site. In phase 4, pathogens evade from ETI by diversifying effectors 
or gaining additional effectors to suppress ETI through natural selection. The plant also evolves its 
repertoire of R genes, so that ETI can be triggered again to protect the plant.  
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Figure 1.1:The zigzag model illustrates the plant immune system (Jones & Dangl, 2006)  
 
1.3.1 Salicylic acid (SA) 
 
Pathogen invasion may also lead to the activation of further hormone-controlled defence pathways 
such as systemic acquired resistance (SAR) which protects against subsequent infections (Durrant 
and Dong, 2004). SAR is mediated by salicylic acid (SA) signalling but has also been shown to 
require jasmonic acid (JA) in the initial stages (Truman et al., 2007). SAR is the result of a defence 
response signal that is activated from the initial site of pathogen interaction, resulting in the 
systemic activation of defence mechanism such as PR  gene expression, like PR1and PR5 (Uknes et 
al,, 1993) or long lasting resistance to subsequent infection (Ryals et al,, 1996). Activation of the 
SA defence pathway generally provides protection to biotrophic pathogens but not to necrotrophic 
pathogens 
1.3.2 Jasmonic acid (JA) 
 
Jasmonate, including JA as well as the methylated form, methyl jasmonate (MeJA), and its various 
conjugates, is produced from the membrane lipid, linolenic acid, through the octadecanoid 
biosynthetic pathway.  JA and MeJA can induce expression of defence related genes, such as 
PLANT DEFENSIN1.2 (PDF1.2) and THIONIN2.1 (THI2.1) (Epple et al., 1995; Penninekx et al., 
1996).  JA-dependent defence responses are considered to provide defence against necrotrophic 
pathogens (McDowell and Dangl, 2000). For example, Seo et a.l (2001) found that over-expressing 
a JA carboxyl methyl transferase showed increased endogenous levels of MeJA and resulted in 
stronger resistance to B.cinerea.  
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However, there are exceptions to the rule as the activation of the JA signalling pathway in 
Arabidopsis resulted also in enhanced resistance to biotrophic pathogens such as Erysiphe 
cichoracerum, Erysiphe orontii and Oidium lycopersicum(Ellis et al., 2002). 
1.3.3 Ethylene (ET)  
 
The hormone Ethylene (ET) is involved in a range of plant growth and developmental processes, 
such as seed germination, root hair development, root nodulation, flower senescence, abscission and 
fruit ripening (Johnson and Ecker, 1998). ET is perceived by a family of membrane-associated 
receptors, including ETR1, ERS1 and EIN4 in Arabidopsis (Sakai et al., 1998; Hua et al., 1995; 
Chang et al., 1993).  
 
There are also some key regulators in this ET pathway; CTR1 acts a negative regulator, and EIN2, 
EIN3, EIN5, EIN6 are positive regulators of ethylene responses, acting downstream of CTR1 
(Kieber et al., 1993). The positive regulator regulates downstream target genes such as ETHYLENE 
RESPONSE FACTOR 1 (ERF1) (Solano et al., 1998). ERF1 can activate defence genes such as 
PDF1.2 and CHI-B (Chao et al., 1997; Solano et al., 1998). ERF1 expression can be induced by 
both ET and JA, however, intact signalling components from both pathways are simultaneously 
required for expression since mutations that block either pathway prevent ERF1 expression in 
response to JA or ET (Lorenzo et al., 2003).Therefore, ERF1 plays a role in downstream 
intersection between the ET and JA signalling pathways.  
 
Figure 1.2 illustrates ET perception and downstream signalling leading to the defence response 
(Broekaert et al., 2006). Ethylene is perceived by the ET hormone receptors ETR1, ETR2, ERS1, 
ERS2, and EIN4. CTR1 is a negative regulator of ET responses that phosphorylates the 
transcription factor EIN2 keeping it in the cytosol (Kieber et al., 1993; Wen et al., 2012). 
Perception of ET leads to the inactivation of CTR1 and therefore the release of the Ce-terminal 
portion of EIN2 which travels into the nucleus to stabilise downstream transcription factors, 
TFssuch as EIN3 and EIL1 (Wen et al., 2012). The Arabidopsis F-box proteins AtEBF1and 
AtEBF2 were shown to physically interact with and inhibit EIN3 (Gagne et al., 2004 ; Guo & 
Ecker., 2003). EIN3/EIL1 lead to the activation of a large number of genes such as  ERF1, a 
positive regulator of the defence gene PDF1.2 and other ET responses. On the other hand, the 
activation of negative regulators such as ERF4 are also activated to help regulate the amplitude of 
the ET response. ERF4 represses the activation of GCC-box containing genes promoters, such as 
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the PDF1.2. The overexpression of AtERF2 and AtERF4 result in increased disease resistance and 
susceptibility to F. oxysporum respectively (McGarth et al., 2005). Interestingly, Anderson and 
Singh (2011) showed that Medicago truncatula plants over-expressing MtERF1 showed no change 
in resistance to F. oxysporum. This suggests that ethylene may play different roles in F. oxysporum 
resistance within different plant hosts. 
 
 
Figure 1.2: A model of the ethylene downstream signalling pathway leading to a defence 
response (Broekaert et al., 2006). Arrows and end-blocked lines indicate positive and negative 
regulation. White arrows indicate signal direction. Genes and proteins are presented in light blue 
boxes.  
1.3.4 Crosstalk between pathways 
 
From the previous paragraph, the defence hormone pathways seem to act independently, in fact, 
they interact with each other quite often. The crosstalk between pathways is more complex than 
that. Schenk et al. (2000) suggested that each of the defence signalling pathways are partially 
integrated with each other and can act both synergistically and antagonistically. In general, the SA 
and JA pathways typically act antagonistically to each other and this was first discovered by Doares 
et al. (1995). SA has been shown to inhibit JA-biosynthesis, as well as JA-responsive gene 
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expression (Penninckx et al., 1996). On the other hand, JA has been reported to repress the SA 
signalling pathway. Although JA- and SA- pathways are generally antagonistic to one another, 
Schenk et al. (2000) showed that approximately one in four genes induced by SA were also induced 
by MeJA.  
 
The JA and ET pathway are generally synergistic with one another. Schenk et al. (2000) showed 
that more than half of the genes induced by ET in a microarray study were also induced by MeJA. 
Therefore is more overlap between the JA– and ET- signalling pathways.  
 
The SA- and JA/ethylene- signalling pathways are generally considered to be effective against 
biotrophic and necrotrophic pathogens, respectively (Glazebrook, 2005; Beckers and Spoel, 2006). 
Hemi-biotrophic pathogens, such as Phytophthora infestans, typically start out as a biotrophic 
pathogen however, later on in the infection cycle the pathogen changes to a necrotrophic lifestyle 
that is often accompanied by the production of cellulolytic enzymes and toxins to damage host cells 
enabling further invasion and nutrient uptake. This change in lifestyle leads hemi-biotrophic 
pathogens to be adept at hijacking host signalling pathways. 
1.3.5 Reactive oxygen species (ROS) for plant defence against pathogens 
 
Plants have developed surveillance systems triggered by PAMP, such as flagellin and fungal chitin, 
which allow plants to recognise the presence of harmful microbes. Once the plant’s defence 
response has been activated, reactive oxygen species (ROS) are produced (Jones and Dangl, 2006; 
He et al., 2007). The ROS include superoxide, hydrogen peroxide, but nitric oxide should also be 
listed in this group,, which function either directly in the establishment of defence mechanisms or 
indirectly via synergistic interactions with other signalling molecules, such as SA (Bolwell and 
Daudi, 2009).  The production of ROS in response to pathogen attack is one of the first measurable 
events in the plant defence response. There are many potential ROS generation systems;  genetic 
analysis and biochemical studies using inhibitors of ROS-generating enzymes have established that 
two main categories of enzymes are involved in ROS production in response to pathogens. these 
areNADPH oxidases, and class III cell wall peroxidases (O’Brien et al., 2012). NADPH oxidases, 
also referred to as respiratory burst oxidases, have been implicated in biotic interactions, abiotic 
stress responses and development in different plant species and have been studied well in 
Arabidopsis (Torres and Dangl, 2005). In Arabidopsis, RBOHD and RBOHF were found to be 
required for the production of a full oxidative burst in response to avirulent strains of the bacterial 
and oomycete pathogens, P. syringae and Hyaloper-onospora arabidopsidis respectively (Torres et 
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al., 2002). Furthermore, Chaouch et al..(2012) showed that the rbohf mutant was shown to be more 
susceptible to P. syringae. Torres et al. (2005) suggested that NADPH oxidases need to be activated 
by an independent source of ROS to generate their oxidative burst. Thus, it is possible that ROS 
activates RBOHD, and RBOHF is generated by peroxidases during the basal (PTI) defence 
response, in which case NADPH oxidases may function mainly in the HR.  
 
The peroxidase-dependent oxidative burst was first revealed by Bach et al. (1993), and they showed 
that the cell wall is required for a full oxidative burst in carrot cultured cells. This mechanism has 
been explored further, interestingly, Bindschedler et al. (2006) identified that an Arabidopsis 
sodium azide-sensitive but diphenylene iodonium-insensitive apoplastic oxidative burst that 
generated H2O2 in response to a F. oxysporum cell wall preparation. In additional, the transgenic 
line as French bean class III peroxidase (FBP1.1) showed a reduced oxidative burst in response to a 
F. oxysporum cell wall elicitor preparation, reduced expression of two cell wall peroxidase-
encoding genes PRX33 and PRX34, and enhanced susceptibility to infection by bacterial and fungal 
pathogens (Bindschedler et al., 2006). PRX 33 and PRX34 play a major role in the generation of 
ROS in response to many different MAMP elicitors (Daudi et al., 2012). Furthermore, Daudi et al. 
(2012) pointed out that FPB1.1, PRX33 and PRX34 T-DNA knock out lines exhibited significantly 
reduced levels of callose deposition in response to MAMPs. Hence, the apoplastic oxidative burst 
peroxidase plays a major component in plant defence response to pathogen attack.  
 
ROS also co-operates with plant defence pathways against pathogen attack. SA acts as a signalling 
molecule in both local and systemic responses and has been shown to accumulate locally around 
pathogen breach sites (Enyedi et al., 1992). H2O2 has been shown to accumulate after SA 
application (Shirasu et al., 1997), which suggests that SA may require other down stream 
components including ROS for a more robust defence response. Furthermore, Torres et al. (2006) 
revealed that SA accumulation also leads to a reduction in ROS scavenging enzyme which in turn 
leads to high levels of ROS in response to pathogen invasion. Not only SA, ET is also co-responded 
with ROS. Desikan et al. (2001) suggested that large scale gene expression analysis revealing that 
ethylene responsive elements and other genes involved in ET signalling were up-regulated by 
exogenous application of H2O2. ET is known to induce programmed cell death and fruit or flower 
senescence, and there is also evidence for the accumulation of H2O2 in response to ethylene in 
tomato (De Jong et al., 2002).  Both ET and ROS were implicated in a SAR response against the 
virus but SA levels did not have a major role to play in this particular system (Love et al., 2005).  
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1.4 Defence against the root pathogen Fusarium oxysporum 
 
In addition to the paragraphs below, please see also the short review manuscript at appendix: Chen 
YC, Kidd BN, Carvalhais LC, Schenk PM (2014) Molecular defense responses in roots and the 
rhizosphere against Fusarium oxysporum. Plant Signaling & Behavior (accepted 4 September 
2014). 
1.4.1 F. oxysporum colonisation strategies 
 
F. oxysporum is a root infecting pathogen that infects a number of plants, including cotton, tomato, 
banana and Arabidopsis. Despite infecting over 100 different plant species, there are only a limited 
number of studies on the interaction between F. oxysporum and the host plant. This is mainly 
because F. oxysporum is a root-infecting pathogen which makes it difficult to study the interaction 
unobtrusively. Even so, there are still some studies on the root infection process and the plant 
response (Beckman and Roberts, 1995 ; Czymmek et al., 2007). F. oxysporum is known to infect 
through the roots where it subsequently moves towards the vascular tissue. When F. oxysporum 
spores detect a suitable host, the fungal spores germinate and develop hyphae that grow towards the 
host and surround the outside of the root.The pathogen then penetrates the root by fungal hyphae or 
with assistance of a rudimentary apressorium-like structure ( Czymmek et al., 2007). Upon 
penetrating the root, the infection hyphae move through the cortex to the vascular tissue and into 
xylem. Penetration into the xylem allows the pathogen to spread systemically through the plant and 
cause drought stress and disease.    
 
According to Beckman et al. (1991), one hour after inoculation of resistant tomato plants, the 
contact parenchyma cells show an enlarged cytoplasm opposite to the infection point. The 
susceptible plants showed a weak response which did not occur till several hours after the infection. 
It has also been reported that host plants are capable of depositing apposition layers made of callose 
to fortify the cell wall (Beckman et al., 1989; Muller et al., 1994). 
 
Upon recognition of pathogen invasion, a signal will be transmitted to activate the defence 
response. If the signalling network of the host plant during F. oxysporum infection is  understood, it 
may be possible to enhance plant resistance against F. oxysporum. Arabidopsis is a suitable model 
plant to study signalling processes since a lot of genetic information is available for this species.   
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1.4.2 Defence against F. oxysporum in Arabidopsis 
 
F. oxysporum acts as a hemi-biotrophic pathogen in Arabidopsis and the application of SA on 
Arabidopsis leaves resulted in a partial increase in resistance (Edgar et al., 2006). Mutants deficient 
in SA-mediated defence were shown to be more susceptible to F. oxysporum. For instance, the sid2 
mutant is impaired in SA biosynthesis and is susceptible to F. oxysporum f. sp. conglutinans 
(Berrocal-Lobo and Molina, 2004; Diener and Ausubel, 2005). However, during infection, F. 
oxysporum strongly induces JA-mediated defence responses in the leaves (Kidd et al., 2011). 
 
In Arabidopsis, Diener et al. (2005, 2013,) revealed several resistance gene loci termed 
RESISTANCE TO FUSARIUM (RFO1, RFO2, RFO3 etc), some of which have been successfully 
cloned. RFO1 was found to encode a wall-associated kinase-like kinase 22 (WAKL22) and was 
revealed using a cross between resistant WT (Col-0_ and the more susceptible ecotype Taynuilt-0 
(Ty-0) (Diener and Ausubel, 2005). RFO1 provides a broad spectrum resistance to three different 
formae speciales of F. oxysporum (F. oxysporum f.sp. matthioli; F. oxysporum f.sp. conglutinans 
and F. oxysporum f.sp. raphani), and the mutant rfo1 allele confers susceptibility to F. oxysporum 
f.sp. In addition, RFO2 and RFO3 also provide partial resistance.. However, RFO3 only confers 
specific resistance to F. oxysporum f.sp. matthioli, and provides no resistance to the other two 
formae speciales of F. oxysporum. Shen and Diener (2013) indicated that RFO2 provides strong 
pathogen-specific resistance. The extracellular leucine-rich repeats (eLRRs) in RFO2 and the 
related receptor like protein (RLP) 2 protein are interchangeable for resistance and remarkably 
similar to eLRRs in the receptor-like kinase PSY1R, which perceives tyrosine-sulfated peptide 
PSY1. The authors also found a reduced infection in psy1r.  Therefore, Shen and Diener (2013) 
suggested that F. oxysporum produces an effector that inhibits the normal negative feedback 
regulation of PSY1R, which stabilises PSY1 signalling and induces susceptibility, however, RFO2 , 
acting as a decoy receptor of PSY1R, is also stabilised by the effector and instead induces host 
immunity. The RFO resistance (R) genes are unique in that they provide protection to multiple 
formae speciales of F. oxysporum and provide only partial resistance in some host-pathogen 
combinations. Further work analysing these R genes and how they provide resistance is warranted. 
 
1.4.3 Regulating defence: transcription factors 
 
The Arabidopsis genome contains over 1500 potential transcription factors (TFs), making up about 
6% of all protein-coding genes (Ratcliffe and Riechmann, 2002). These proteins are responsible for 
controlling all aspects of development and adaptation, from germination and growth through biotic 
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and abiotic stresses to flowering and seed production. Many TFs are believed to play important 
roles in disease resistance and pathogen defence. Chen et al. (2002) showed that many TFs showed 
altered levels of transcription in response to exogenous application of disease signalling compounds 
or pathogen stress. In addition, many TFs have been shown to have a role in defence gene 
regulation and disease resistance.  
 
MYC2, a basic helix-loop-helix transcription factor, represses JA-dependent plant defences PDF1.2 
and CHI-B, (Dombrecht et al., 2006). The T-DNA insertion mutant of MYC2 (myc2) has increased 
expression of JA-dependent defences and shows increased resistance to F. oxysporum (Anderson et 
al., 2004). ERF1 is another well studied TF and regulates plant resistance to the necrotrophic fungi 
Botrytis cinerea and Plectosphaerella cucumerina where the overexpression of ERF1 enhances 
resistance to these fungi. In addition, ERF1 also confers resistance to F. oxysporum (Berrocal-Lobo 
and Molina, 2004). AtMYC2 and ERF1 are both key TFs, which play a role in regulating plant 
defence signalling pathways, such as JA and ET. Hence, it can be proposed that TFs play an 
important role in F. oxysporum resistance by regulation and crosstalk between defence signalling 
pathways. 
 
Kidd et al. (2009) reported that PFT1 (PHYTOCHROME AND FLOWERING TIME1), which 
encodes the MEDIATOR25 subunit of the plant Mediator complex, is required for jasmonate-
dependent defence gene expression and resistance to leaf-infecting necrotrophic fungal pathogens. 
The pft1 mutant showed a significant increased resistance against F. oxysporum, while, a PFT1 
over-expressing line showed to be highly susceptible to F. oxysporum. Clearly, PFT1 (or MED25)  
plays a significant role in modulating plant susceptibility to F. oxysporum. In addition, Thatcher et 
al. (2009) revealed that jasmonate signalling mediated through the JA receptor, COI1 
(CORONATINE INSENSITIVE1) is responsible for susceptibility to wilt disease caused by F. 
oxysporum. As both pft1 and coi1 mutants have reduced expression of defence genes, yet an 
increased resistance to F. oxysporum, it indicates that F. oxysporum hijacks non-defensive aspects 
of the JA-signalling pathway to cause wilt-disease symptoms that lead to plant death in 
Arabidopsis. Grafting studies performed with the coi1 mutant showed that the root section is 
required for resistance/susceptibility to F. oxysporum. A coi1 rootstock grafted to a WT scion 
resulted in almost complete resistance, suggesting that roots play a significant role in plant defence 
against F. oxysporum. In addition, Pantelides et al (2013) showed that etr1-1 mutant plants 
exhibited statistically less Fusarium wilt symptoms compared to Col-0 plants. Quantitative PCR 
analysis associated the decrease in symptom severity shown in etr1-1 plants with reduced vascular 
growth of the pathogen, suggesting the activation of defence mechanisms in etr1-1 plants against F. 
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oxysporum in the roots. This study suggested that F. oxysporum hijacks ETR1 mediated ethylene 
signalling to promote disease development in plants. 
 
Table 1.1: A list of Arabidopsis mutants showing resistance to F. oxysporum  
 
Mutant Name TAIR Locus ID Mutant type Function Resistance to F. 
oxysporum 
rfo1 AT1G79670 Resistance 
QTL from Col-
0 
Confers 
resistance to 
F. oxysporum 
Yes 
rfo2 AT1G17250 Insertion Confers 
resistance to 
F. oxysporum 
Yes 
rfo3 AT3G16030 Insertion Confers 
resistance to 
F. oxysporum 
Yes 
myc2 AT1G32640 Insertion Regulates 
diverse JA-
dependent 
functions 
Yes 
coi1 AT2G39940 Insertion Require for 
wound and 
JA-induced 
transcriptional 
regulation 
Yes 
erf1 AT3G23240 Overexpressing Involved in 
ethylene 
signalling 
Yes 
erf4 AT3G15210 Insertion A negative 
regulator of 
JA-responsive 
defence gene 
expression 
Yes 
etr1 AT1G66340 Insertion Ethylene 
receptor and 
respond to 
ethylene 
Yes 
pft1 AT1G25540 Insertion Induces 
flowering in 
response to 
suboptimal 
light 
conditions 
Yes 
 
 (From TAIR: http://www.arabidopsis.org/) 
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1.5 Conclusion 
 
The literature reviewed here discuses  the genetic mechanisms behind recognition of the pathogen, 
signal transduction and the response from the host defence mechanism, yet these  are still not fully 
understood. Thatcher et al. (2009) suggest that plant roots could be a novel and vital entry points to 
study how plants respond to F. oxysporum invasion. In addition, Kidd et al. (2011) revealed gene 
expression and response to F. oxysporum invasion in shoots, thus, this study provides good 
comparison data for us to examine root defence responses to this pathogen. The discovery of root 
defence response to F. oxysporum might provide interesting new defence concepts novel aspect to 
study in this field. 
 
1.6 The research questions 
 
There are only a limited number of studies describing the interaction between F. oxysporum and the 
host plant, although this pathogen can infect various plant species. A possible reason for this is that 
F. oxysporum is a root-infecting pathogen; therefore it is much more difficult to study than other 
types of pathogens. Despite F. oxysporumbeing a root fungal pathogen, most of the studies 
regarding this pathogen are based of Arabidopsis leaves. As F. oxysporum starts to infect plants, the 
root is the first tissue that F. oxysporum interacts with. The root tissue should signal the rest of the 
plant to switch on its immune system once the fungal pathogen invades the root tissue. 
Interestingly, the Arabidopsis roots are relatively unstudied compared to leaves. The resistance 
mutant coi1 provides resistance through the root tissue, so the root might play some role in 
pathogen resistance against F. oxysporum. Further research of the root response to F. oxysporum is 
needed to understand the whole picture of resistance against this pathogen. 
 
As previously discussed, there is a critical gap in our understanding of how host plants develop 
resistance against F. oxysporum. The current approaches used against F. oxysporum infection are 
not sufficient to enhance resistance in plants. The discovery of resistance or susceptible mutants is 
providing new insights for possible mechanisms of disease resistance. Plants with mutations in key 
regulatory genes display altered defence signalling, and therefore change the plant’s response to 
pathogen invasion.  
 
In order to fulfil the critical gap, the following questions could be raised:  
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How do the roots play a role in resistance against F. oxysporum? Is signalling of roots similar to the 
signalling of shoots? What is the gene expression in roots when F. oxysporum infects the plant? 
Does the early PAMP response assist in F. oxysporum resistance and how does it help in resistance?  
 
In this PhD study, the root section was mainly focused on and a microarray analysis was conducted 
2 days after infection with F. oxysporum. The Ethylene Response Factor 72 (ERF72) TF was 
selected to be investigated because its gene was significantly down-regulated in the analysed 
microarray data and an insertion mutant of ERF72 showed increased resistance against F. 
oxysporum. Moreover, a literature search indicated that ERF72 has not been functionally 
characterised fully in hormonal signalling and pathogen resistance. In addition, we explored the role 
of early PAMP responses against F. oxysporum. To do this we explored the role of ROS and 
investigated PAMP signalling using mutants involved in PAMP triggered immunity. Through the 
investigation of these areas we hope to provide the starting point for new technologies to protect 
against F. oxysporum in crop plants.  
 
1.7 The research objectives 
 
The present PhD study aims at understanding mechanisms of plant resistance against F. oxysporum, 
a wide-spread destructive pathogen that infects roots of a broad range of crops and vegetables. 
Using Arabidopsis as a model, this objective will be pursued by performing gene expression 
profiling in infected and mock-infected Arabidopsis roots. Strategies to enhance plant defence and 
combat this devastating fungal disease could then be proposed in the future, such as the 
development of resistant crop varieties.  
 
The following three objectives have been chosen to be investigated in the present PhD study: 
 
1. To explore root microarray and identified possible candidate genes for their roles in 
resistance against F. oxysporum infection.  
 
2. To examine the function of candidate genes in resistance against F. oxysporum. ERF72 was 
chosen as a candidate transcriptional factor from the root microarray.  
 
3. To explore the PAMP triggered immune response, particularly ROS responses, against F. 
oxysporum. 
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In the research chapters following the literature review, detailed information will be presented on 
the areas briefly introduced here. 
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2 Chapter II: Genome-wide microarray analysis of 
F. oxysporum infected Arabidopsis roots 
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2.1 Introduction 
 
As a pathogen infects the host plant, the host plant will adjust its gene expression to mount a 
defence response. In order to understand the transcriptional response to pathogens, technology such 
as microarrays can be used. Microarray experiments allow us to measure gene expression on a 
genome wide scale and help us to understand the transcriptional response to pathogens better.  
 
In the literature, there are a couple of microarray studies of F. oxysporum. Kidd et al. (2011) 
performed a microarray analysis of Arabidopsis shoot tissues which were infected with F. 
oxysporum. Kidd et al. (2011) discovered that defence genes, such as PDF1.2, were induced during 
F. oxysporum infection and therefore the JA pathway was active against this pathogen. Zhu et al. 
(2013) also performed a microarray with two different time points (1 DPI and 6 DPI) on 2 week-
old-seedlings. In doing so, Zhu et al. (2013) observed that more genes were up-regulated rather than 
repressed, and these genes were continually expressed at 6 DPI. Those two studies reveal that 
numerous gene expressions are induced in the shoots section during F. oxysporum infection. 
However, what about the gene expression in the root? Dowd et al. (2004) performed a subtractive 
cDNA microarray using F. oxysporum infected cotton roots. In this latter study the researchers 
discovered that more genes were suppressed by F. oxysporum in the root section than were 
upregulated. This observation leads to an  intriguing proposition that gene expression is 
fundamentally different in the root and leaves of F. oxysporum infected Arabidopsis plants. 
 
In a review of the literature, it is clear that knowledge of root gene expression to pathogen infection 
is really very limited. There is a critical gap in that most studies focus on leaf tissue, even when 
investigating root pathogens. The plant roots may provide new insights to help us to understand root 
fungal pathogens better. Therefore, in this study we have performed a plant root microarray analysis 
to understand gene expression in the roots with the aim of  providing insight  in gene expression 
responses with possibilities of leading to  new approaches in the development of resistance to F. 
oxysporum. 
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2.2 Methodology 
 
2.2.1 Plant growth and growth conditions  
 
Arabidopsis thaliana (Col-0) seeds were sown onto sterilized moist soil (UC mix) and incubated at 
4
o
C in the dark for 3 days, to synchronize the germination of seeds. The resultant Arabidopsis 
seedlings were then grown in growth cabinets at 25
o
C, with an 8 h photoperiod (160 µE m
-2
s
-1
). 
After 2 weeks, seedlings were transferred to 30-well trays, and grown until the six to eight leaf 
stage. Hormone treatments and timepoints for analysis by RT-qPCR were performed according to 
previously published research (Schenk et al., 2000; Anderson et al., 2004; Kidd et al., 2009).  
 
2.2.2 F. oxysporum inoculation  
 
Plants were inoculated with F. oxysporum as described previously (Edgar et al., 2006). Briefly, at 1 
h after the start of the photoperiod (t = 0 h) the plants were gently uprooted and dipped for 15 s in 
fungal spore suspension with a concentration of 10
6
 spores/mL in water and then replanted. Mock 
plants were dipped in water and replanted. Root tissues were harvested at 48 h after inoculation 
(three independent biological replicates with pools of 40 plants each). Once the root samples were 
harvested, the root tissue was snap-frozen in liquid nitrogen.  
 
2.2.3 Microarray analysis 
 
RNA from Arabidopsis roots was extracted using the SV Total RNA Isolation System (Promega, 
USA). The RNA from mock- and F. oxysporum-inoculated samples was reverse-transcribed and 
labelled with Cy3 and Cy5 fluorescent dyes, respectively. The labelled cDNA samples were then 
hybridized onto 4x44K Agilent Arabidopsis Gene Chip arrays (Agilent Technologies, USA). The 
labelling and hybridization steps were performed by the Australian Genome Research Facility 
(AGRF, Victoria, Australia). Signal intensities were extracted from scanned microarray images 
using Agilent Feature Extraction version 10.5.11 software (Agilent Technologies). The extracted 
data were analysed using Integromics Biomarker Discovery (Integromics Granada, Spain), and 
normalized within-arrays using the Loess algorithm, and between arrays using the Quantile 
normalization method.  
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Differentially expressed and statistically significant genes were selected based on the following cut-
off criteria. The first criterion was that genes had to present fluorescence signals that were greater 
than background signal (gisPosAndSignif = 1 and risPosAndSignif = 1) by the Agilent Feature 
Extraction in both Cy3 and Cy5 channels. Secondly, the above genes with p-values < 0.05 using a 
parametric-based test (Welch T-test) were considered statistically significant. Finally, those genes 
that met the above listed criteria and presented a ratio (normalized red / normalized green) > 1.5 and 
< 0.68 were considered as up- and down- regulated genes, respectively. 
2.2.4 Primer design for Real time RT-qPCR 
 
Primers were designed using Primer Express® software v2.0 (Applied Biosystem). The software 
finds PCR primers for RT-qPCR by searching potential primer pairs against fixed parameters (Min 
Tm = 59, Max Tm = 61, optimum Tm = 60, Max primer length = 26, amplicon length =100-150, the 
remaining parameters are as per default).  
 
Table 2.1: Primer list for RT-qPCR  
 
ATG 
Number 
Forward Primer Reverse Primer 
Forward 
Universal 
Actin 
AGTGGTCGTACAACCGGTATTGT  
AT3G18780  GATGGCATGGAGGAAGAGAGAAAC 
AT5G09810  GAGGAAGAACATTCCCCTCGTA 
AT1G49240  GAGGATAGCATGTGGAACTGAGAA 
AT3G55970 CAGCGTCCAAACATAACCCCT GGTCGTCCGTGTATAGGCGA 
AT4G22610 GTCCAAGGGACATCGAAGCTT TCCACGAGAGTGCAACATGG 
AT1G90135 TGTTACCCATCTTCAGGCAAGA ACTTGTTTGGAGGATCCGACC 
AT3G62760 AACGGATTTGACAAGACACGAA GATCGCAGGGTTGAAGTGGT 
AT5G17220 CTTCGTCAGCCATTTGGTCAAG TGGTAGCGTAGTATCTCGCGATG 
AT3G22120 TTGATTCACATCGGACTTGGAA GACAAACGGCTGCGTCTAGGT 
AT1G29930 CAGAGGCATTCGCTGAGTTGA ACGATGGCTTGAACGAAGAATC 
AT5G48485 CCATCACAGCCTTGCTGCA CACCGAAAGAACCGAGCCAT 
AT1G60590 GCTGCAGCCAGTTGAGGACT TTCAAACGCCTGAGTGTCATCA 
AT5G25980 GCACTGGATCACCATCAACCA CACCCATTGGGAACATCGAC 
AT3G16770 AGCCAAGCTCAACTTCCCAGA CGGAGGCTGATCGGTTGAT 
AT3G50440 TCACTTCGTCTTTGTCCACGG TGTCACACGGTGACCATCGA 
AT5G26000 TTCGGACGTACACACTGCCTT TGCATTGAACGGTGGACCA 
AT5G13930 TTCCGCATCACCAACAGTGA GCATGTGACGTTTCCGAATTGT 
AT5G46110 AAACGTGTGTTCGTGATCGGTT CAGCAATGGCTATTCCTGTTCC 
AT1G29490 CAGAAGGACCAATCACGTTGC TGTATCTCCATCCATTCGTCTTTTG 
AT1G61190 GTGATGCATGACGTGGTTCG CGACTCTTGCTCGCACAACATA 
AT3G26650 GGATCGCTCTCCGTGTACCA GCGTTGACTTCCTCAGCAAATG 
AT5G62360 AACTTCAGCAATGATGGTGCG GTGTCACCTAACTCCTCGACGC 
 
33 
 
The selected primer pairs were checked by using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
for specificity. For RT-qPCR normalization, we used a primer mix of three ACTIN genes (β-actin-2 
AT3G18780, β-actin-7 AT5G09810, and β-actin-8 AT1G49240) according to prior research 
(Anderson et al., 2004). The use of multiplexed primers to three ACTIN genes (one universal 
forward and three specific reverse primers) was found to provide greater stability over different 
treatments and more accurate normalization as compared to a single ACTIN gene (Bob Simpson, 
verbal communication). 
 
2.2.5 RNA isolation and cDNA synthesis 
 
For RNA extraction, plant samples were collected and then frozen immediately in liquid nitrogen 
for processing. Total RNA from roots for RT-qPCR analyses were isolated using the SV Total RNA 
Isolation Kit (Promega). RNA integrity was tested by gel electrophoresis and the quantity measured 
by NanoDrop spectrophotometer (NanoDrop ® ND-1000). The cDNA synthesis was performed 
with 0.2 µg root RNA in 13.25 µL, using the SuperScript™ III RT kit (Invitrogen) as follows. A 
total of 0.2 µL of 100 µM oligo-dT, 0.05 µL of 3 µg/µL random hexamers (Invitrogen) and 1 µL of 
10 mM dNTPs were added to a final volume of 20 µL. The mixture was denatured at 65°C for 5 
min followed by 2 min of chilling on ice. A total of 4 µL of 5x first strand buffer, 1 µL of 0.1 mM 
DTT (Invitrogen) and 0.5 µL (200 U/µL) SuperScript
TM
 III Reverse Transcriptase were added, 
followed by incubation at 52°C for 50 min and 70°C for 15 min. The resulting cDNA was 
subsequently diluted to a final concentration of 20 ng/µL of input RNA for RT-qPCR. 
 
2.2.6 Real-time quantitative reverse transcriptase PCR (RT-qPCR) analyses 
 
Gene expression analysis by RT-qPCR was carried out in 384-well plates using an ePMotion 
automatic pipetting (Eppendorf epMotion 5075, Eppendorf) and an ABI PRISM 7900HT Sequence 
Detection System (Applied Biosystems). Each reaction contained 5 µL of SYBR green and 1 µL of 
200 nM of each gene-specific primer pair and 20 ng/ µL of cDNA template to a final volume of 10 
µL. The PCR primer efficiency (E) of each primer pair in each individual reaction was calculated 
from the changes in fluorescence values (∆Rn) of each amplification plot, using LinReg PCR 
software (Ramakers et al., 2003). E values for each gene were averaged across all samples, except 
in cases where linear regression of amplification plots yielded a R
2
 value of less than 0.99, in which 
case the derived E value for that sample was omitted from the calculation of mean E value. 
Amplification plots were analysed using a threshold of 0.20 to give a cycle threshold (Ct) value for 
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each gene and cDNA combination. Gene expression levels relative to the Arabidopsis housekeeping 
genes β-ACTIN 2 (AT3G18780), β-ACTIN 7 (AT5G09810) and β-ACTIN 8 (AT1G49240) were 
calculated for each cDNA sample using the following equation:  The gene transcript levels relative 
to actin = (E  gene^(-Ct  gene)) / (E Actin ^(-Ct Actin)).  
2.2.7 Genevestigator analysis 
 
Microarray analysis of Arabidopsis genes performed using Affymertix 22K ATH1 oligonucleotide 
expression data were obtained from Genevestigator (https://www.genevestigator.com). The 
expression profiles of Arabidopsis genes were selected for cluster analysis. Hierarchical clustering 
tool from Genevestigator was used to rearrange candidate genes in a heat map. 
2.2.8 T-DNA insertion lines 
 
All mutant lines used in this chapter are SALK T-DNA insertion lines and were obtained from the 
Arabidopsis Biological Resource Center (ABRC; http://www.Arabidopsis.org).  
 
Table 2.2: T-DNA insertion lines 
TAIR locus ID Salk_number Insertion Homozygous Function 
AT3G55970 Salk_024417C Intron Yes Oxidoreductase activity 
AT3G62760 Salk_093696C Exon Yes Encodes glutathione 
transferase belonging to the 
phi class of GSTs 
AT4G22610 Salk_099386C Exon Yes Lipid binding 
AT5G17220 Salk_113805C Promoter Yes Encodes glutathione 
transferase belonging to the 
phi class of GSTs 
AT1G62500 Salk_022164 Exon No Lipid binding 
AT1G60590 Salk_068596 Exon No Polygalacturonase activity 
AT3G16770 Salk_030459C Promoter Yes 
 
Encodes a member of the 
ERF (ethylene response 
factor) subfamily B-2 of the 
plant specific ERF/AP2 
transcription factor family 
(RAP2.3) 
 
AT5G26000 Salk_069615C Intron Yes Encodes myrosinase enzymes 
AT1G29490 Salk_018291 Exon No SAUR-like auxin-responsive 
protein family 
AT1G61190 Salk_016572 Exon No Putative CC-NB-LRR 
resistance gene 
AT2G47400 Salk_008459C Exon Yes Encodes a small peptide 
found in the chloroplast 
stroma 
The source is from TAIR (http://www.arabidopsis.org/) 
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The mutants used include Salk_024417C(AT3G55970), Salk_093696C(AT3G62760), 
Salk_099386C(AT4G22610), Salk_113805CAT5G17220), Salk_022164(AT1G62500), 
Salk_068596(AT1G60590), Salk_030459C(AT3G16770), Salk_069615C(AT5G26000), 
Salk_018291(AT1G29490), Salk_016572(AT1G61190). 
2.2.9 Disease resistance assays with F. oxysporum inoculation 
 
F. oxysporum spores isolate #5176, obtained from Dr. Roger Shivas, Queensland Plant Pathology 
Herbarium, Queensland Department of Agriculture, Fisheries and Forestry (DAFF), Brisbane, 
Australia, were grown and prepared for inoculation. Inoculation with F. oxysporum was carried out 
as outlined in Edgar et al. (2006). The plants were gently uprooted and dipped for 15 s in fungal 
spore suspension with a final concentration of 10
6
 spores/ mL in distilled water and then replanted. 
The control plants were water dipped and replanted back to soil. Trays were then placed back onto 
16 h photoperiod cabinet. The disease score was done by counting symptomatic leaves from each 
whole plant, then took average for each biological replicates. The student statistics method was 
applied for analysing this data.  
 
2.3 Results: 
 
2.3.1 Microarray analysis 
 
To identify root genes that play a role in the interaction of F. oxysporum with Arabidopsis we 
performed a microarray experiment using F. oxysporum-infected root tissue harvested at 48 h after 
infection. We chose to analyse gene expression at 48 hours after infection to compare with a 
previously published microarray conducted on the leaf tissue of F. oxysporum infected Arabidopsis 
(Kidd et al., 2009; 2011). Overall, we found 89 genes that were significantly differentially regulated 
greater than 1.5-fold (p <0.05). Of these genes, the majority (72 genes) were found to be repressed 
by more than 1.5-fold in the infected tissue relative to the mock-infected tissue, whereas only 17 
genes were found to be induced more than 1.5-fold by F. oxysporum infection (Table 2.3;Table 
2.4). Of the significantly induced genes, only two were induced greater than two-fold, compared to 
15 genes that were repressed greater than two-fold (Table 2.3;Table 2.4). Therefore, at the 48 hour-
time point tested, this microarray experiment suggests that F. oxysporum primarily repressed genes 
in the roots of Arabidopsis. 
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Table 2.3. Genes that were significantly down-regulated by greater than two-fold following F. 
oxysporum inoculation in Arabidopsis root tissue.  
 
TAIR ID Gene Description Fold Change T-test 
AT5G17220 
 
GLUTATHIONE S-TRANSFERASE 
12 (GST12) 
0.24 0.02 
 
AT3G22120 
 
Cell wall-plasma membrane linker 
protein homolog 
0.25 0.021 
 
AT1G29930 
 
CHLOROPHYLL A/B BINDING 
PROTEIN 1 (CAB1) 
0.28 0.048 
 
AT5G48485 
 
DEFECTIVE IN INDUCED 
RESISTANCE 1 (DIR1) 
0.30 0.029 
 
AT1G60590 Pectin lyase-like protein 0.31 0.015 
 
AT5G25980 
 
THIOGLUCOSIDE 
GLUCOHYDROLASE 2 (TGG2) 
0.36 0.004 
 
AT3G16770 
 
ETHYLENE RESPONSE FACTOR 72 
(ERF72) 
0.40 0.017 
 
AT3G50440 
 
METHYL ESTERASE 10 (MES10) 0.40 0.003 
 
AT5G26000 
 
THIOGLUCOSIDE 
GLUCOHYDROLASE 1 (TGG1) 
0.40 0.042 
 
AT5G13930 
 
CHALCONE SYNTHASE (CHS) 0.40 0.020 
 
AT5G46110 
 
ACCLIMATION OF 
PHOTOSYNTHESIS TO 
ENVIRONMENT 2(APE2) 
0.42 0.030 
 
AT1G61190 Response to auxin stimulus 0.44 0.013 
 
AT3G26650 
 
GLYCERALDEHYDE 3-
PHOSPHATE DEHYDROGENASE A 
SUBUNIT (GAPA) 
0.48 0.045 
 
AT1G29490 SAUR-like auxin-responsive protein  0.48 0.034 
 
AT5G62630 HIPL2 protein precursor 0.49 0.020 
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Table 2.4 Genes that were significantly up-regulated greater than 1.5-fold following F. 
oxysporum inoculation in Arabidopsis roots. 
 
TAIR ID Gene Description Fold Change 
(infected/mock) 
T-test 
AT3G55970  JASMONATE-REGULATED GENE 21 
(JRG21) 
2.66 0.005 
 
AT4G22610 Lipid transport protein 2.14 0.024 
 
AT1G30135 
 
JASMONATE ZIM DOMAIN 
PROTEIN 8 (JAZ8) 
1.58 0.030 
 
AT3G62760 
 
GLUTATHIONE S–TRANSFERASE 
13 (GST13) 
1.55 0.007 
 
AT2G38240 
 
Oxidoreductase 1.79 
 
0.009 
 
AT5G19110 
 
Eukaryotic aspartyl protease protein 1.73 
 
0.018 
 
AT2G26370 
 
 ML domain-containing protein 
 
1.70 
 
0.027 
 
 
AT1G61080 
 
Proline-rich family protein 
 
1.66 
 
0.009 
 
AT3G44870 
 
S-adenosyl-L-methionine-dependent 
methyltransferase  
1.66 
 
0.005 
 
AT3G30740 
 
Ribosomal Protein 
 
1.59 
 
0.032 
 
AT1G04270 
 
CYTOSOLIC RIBOSOMAL PROTEIN 
S15 (RPS15 )  
 
1.58 
 
0.019 
 
AT1G21528 
 
unknown protein 
 
1.56 
 
0.005 
 
AT1G13510 
 
unknown protein 1.55 
 
0.001 
 
AT2G36080 
 
DNA-binding protein 1.55 
 
0.010 
 
AT5G26070 
 
Hydroxyproline-rich glycoprotein  1.54 
 
0.009 
 
AT2G27710 
 
60S acidic ribosomal protein P2  1.54 
 
0.006 
 
AT2G39460 
 
RNA binding / structural constituent of 
ribosome 
 
1.50 
 
0.024 
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2.3.2 RT-qPCR analysis 
 
To independently confirm the results of microarray analyses, we performed quantitative real-time 
reverse transcriptase PCR (RT-qPCR) on F. oxysporum-inoculated plants in three independent 
biological experiments at 48 h post inoculation of genes that had shown significant differences in 
expression levels following inoculation.  
 
    
   
Figure 2.1(A-D): Different relative transcript abundance in Arabidopsis wild-type roots under 
F. oxysporum treatment at 48 h. 
Shown are RT-qPCR data from three independent biological replicates, each containing expression 
levels from  pool of 30 plants. Asterisk (*) indicates p-value < 0.05 according to Student’s T test; 
bars represent mean ±SE of three independent replicates of 10 plants each.  
 
A B 
C D 
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Results from RT-qPCR confirmed the differential expression from the microarray data for most of 
the genes that had been shown to be unregulated in the microarray assay. Only one gene (JAZ8) 
from the microarray data was not confirmed as having a significant difference in expression when 
assessed using in the RT-qPCR assay. Hence, a total of 18 genes were confirmed in terms of being 
up or down-regulated and 11 of these genes showed statically significant differences compared to 
the control (P ≤0.05) (Figure 2.1). 
 
2.3.2 Comparison with leaf microarray  
 
We then compared our root microarray results with the microarray analyses previously performed 
on the leaves of F. oxysporum-infected Arabidopsis plants (Kidd et al., 2009; 2011). Interestingly, 
out of the significantly induced or repressed genes in both studies only three genes were common to 
both microarray experiments. These genes were At1g60590 which is a pectin lyase-like protein, 
At2g47400 which encodes a CP12 protein that forms a complex with glyceraldehyde 3-phosphate 
dehydrogenase and At5g25980 which encodes the myrosinase TGG2 involved in glucosinolate 
metabolism. All three genes were suppressed in both microarray experiments (Table 2.5; Kidd et 
al., 2011). The low number of genes that were common between the root microarray and the leaf 
microarray suggests that perhaps different transcriptional programs are activated in the roots as 
opposed to the leaves during F. oxysporum infection. However the leaf and root microarrays were 
conducted on different microarray platforms (Affymetrix ATH1 Gene Chip and Agilent 
Arabidopsis Gene Chip for the leaf and root experiment, respectively), and therefore we cannot rule 
out differences in microarray technology perhaps affecting the number of common genes between 
array experiments. Furthermore, we compared our microarray of the root tissue challenged with F. 
oxypsorum with that of the microarray produced by Iven et al (2012) using Aarbidopsis rosettes at 1 
or 3 days post inoculation, with Verticillium longisporum The CP12 gene was found to be 
differentially expressed on both microarrays. As V. longisporum is reported to also be 
hemibiotrophic there may be comonality here and CP12 might play an important role against 
hemibiotrophic pathogens. Singh et al. (2008) suggested that CP12-1 protein has a role in the 
metabolism of plastids in non-green tissues, such as root tissue. Furthermore, the expression profile 
of the CP12-1 genes indicates that, this protein may play a role in metabolism during early seedling 
growth and in roots. Therefore, hemibiotrophic fungi might affect the Calvin cycle and metabolism 
in roots, as the result of this, it might assist fungi to infect plants better. Overall however, we found 
the majority of the differentially expressed genes in the root microarray to be reduced in response to 
F. oxysporum infection whereas in the leaf microarray the majority of differently expressed genes 
40 
 
were induced upon F. oxysporum infection and therefore this suggests a difference in the 
transcriptional profile that is activated between roots and shoots upon F. oxysporum infection. 
 
Table 2.5: Common genes that were differentially expressed in root and shoot samples by 
comparison with the study of Kidd et al. 2009; 2011.  
 
Universal 
ID 
Gene Name Function Expression 
Value in 
root 
microarray 
Expression 
Value in 
shoots 
microarray 
AT1G60590 Pectin lyase-
like 
superfamily 
protein 
Polygalacturonase 
activity 
0.63 0.90 
AT2G47400 CP12-1 Involved in the 
formation of a 
supramolecular 
complex with 
GAPDH and PRK 
embedded in the 
Calvin cycle 
0.52 0.89 
AT5G25980 TGG2 Myrosinase gene 
involved in 
glucosinoloate 
metabolism 
0.36 0.85 
Shown are gene names, functions and their induction ratios in both roots and shoots microarray. 
 
In the leaf microarray by Kidd et al. (2009; 2011) , the highest differentially expressed genes were 
the related PLANT DEFENSIN1.2 genes, PDF1.2a and PDF1.2b, along with PATHOGENESIS 
RELATED4 (PR4) which encodes a hevein-like protein (Kidd et al., 2011). These defence genes 
were induced quite strongly in the leaves (up to 40-fold for PDF1.2a) and are considered marker 
genes for the jasmonate-associated defence response. In assessment of the root tissue we looked at 
the expression of PDF1.2, PR1 and PR4, however we could not find strong induction of 
pathogenesis- or defence-related genes in the root microarray. Accordingly, a large number of JA-
associated genes were also up-regulated in the leaf microarray experiment along with other JA 
inducible pathways such as the tryptophan pathway (Kidd et al., 2011). The metabolism of 
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tryptophan leads to the production the hormone auxin and glucosinolates. Auxin  signalling has 
been shown to have a role in F. oxysporum resistance (Kidd et al., 2011), but a role for 
glucosinolates has not been conclusively shown. In our root microarray experiment, the highest 
expressing gene encoded an oxidoreductase known as JASMONATE REGULATED GENE 21 which 
was induced approximately 2-fold (Table 2.4). We also found the JAZ8 gene, encoding the 
JASMONATE ZIM DOMAIN8 protein which acts as a repressor of JA-associated transcription 
factors, to be induced in the microarray. However, we could not confirm this result using RT-qPCR. 
When we looked at the significantly expressed genes that were below the 1.5-fold cut-off we also 
found the JAZ1 repressor (At1g19180) as well as a plant defensin family member (At4g22214). 
Therefore, while some JA-related genes and a defensin appear to be expressed in the roots, 
pathogenesis-related proteins were not highly induced in the root microarray in response to F. 
oxysporum infection. 
 
We also compared our root microarray with the results published from the microarray produced by  
Zhu et al. (2013) . In the  study by Zhu et al. (2013), they found more induced genes than down-
regulated genes in the first day-post inoculation (1 DPI) and also 6 DPI. This finding is similar to 
the Kidd et al. (2011) study, in which the number of induced genes was greater than the repressed 
genes. In the Zhu et al. (2013) study, they found that defence related genes were induced at 1 DPI 
and continued to be induced at 6 DPI. They also showed that a U-box gene (PUB23) was 
significantly upregulated in their microarray. PUB23 is negative regulator of the PAMP response, 
and this result suggests that F. oxysporum might induce negative regulators of the plant immune 
system to manipulate plant immune responses. A comparison between the differentially expressed 
genes in the Zhu et al. (2013) microarray experiment and our microarray revealed no genes in 
common. There are three possible explantions. Firstly, the plant tissue samples were obtained in a 
different manner; our microarray only contained root samples, whereas the microarray produced in 
the study by  Zhu et al. (2013) was produced using whole seedlings. The use of whole seedlings 
may be dominated by the gene expression in the shoot and therefore would possibly mask the root 
gene expression. This may explain why Zhu et al. (2013) also found predominantly induced genes 
similar to the study by Kidd et al. (2011) where only shoot tissue was used. Secondly, our plants 
grew on soil until we obtained tissue samples. In the study by Zhu et al. (2013), the plants were 
grown on MS agar, hence growth conditions were quite different. The difference in growth 
conditions may potentially alter plant gene expression against F. oxysporum invasion. Lastly, we 
used different time points which would also influence gene expression. Therefore it may not be 
surprising that there was little in common between these two microarray experiments. 
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To gain insight into function of the differentially expressed genes from our microarray, we then 
performed gene ontology (GO) term enrichment analysis (http://bioinfo.cau.edu.cn/agriGO) for the 
induced and repressed genes. Indeed, “response to stimulus” and “response to stress” were 
significantly enriched. This result indicated that Arabidopsis roots were able to detect F. oxysporum 
infection and make a transcriptional response at the root region. In addition, we found that some GO 
terms, which relate to secondary metabolism, were enriched at repressed gene clusters. Fungal 
infection might influence and alter plant secondary metabolism, however, these genes which 
involve secondary metabolism were related to different light spectrum responses, such as red light. 
They were not significantly related to any defence mechanism, thus the results will not be shown in 
this thesis.  
 
2.3.3 Genevestigator analysis 
 
In our microarray study, the relative absence of defence gene activation in the root array was 
surprising and we wished to investigate further the types of genes that were induced by comparing 
our microarray gene lists with publically available microarray data such as that published by 
Zimmermann et al. (2005) to determine what other stimuli might affect the  genes that appeared to 
be  induced in our study; Figures 3-4). The Genevestigator dataset is included with both roots and 
shoots. We analysed 14 of the up-regulated genes from our root array  and found the genes could be 
clustered into two different groups based on their expression pattern: the first cluster of genes 
(AT3G44860, AT5G19110, AT2G38240, AT3G55970, AT1G30135) had been reported to be  
induced by methyl jasmonate, Pseudomonas syringae inoculation and/or other abiotic treatments 
such as salt and heat treatment (Figure 2.2). Whereas the  second cluster of genes (AT3G30740, 
AT5G26070, AT1G61080, AT1G04270, AT2G39460, AT3G62760, AT2G27710, AT2G36080 and 
AT4G22610)) had  been reported to have responded highly to any treatment most likely because  
they were all reported to be ribosome related genes (Figure 2.2). These results suggest that F. 
oxysporum activates the expression of JA and P. syringae-inducible genes in the roots as well as a 
second cluster which is not overly responsive to other stimuli in the Genevestigator treatment set. 
We next investigated the genes down-regulated by F. oxysporum with publically available 
microarray data. Although the down-regulated genes were affected by a number of treatments, we 
found the majority of the F. oxysporum down-regulated genes to be repressed in response to 
flagellin as well as treatment with P. syringae and syringolin (Figure 2.3). Similarly to F. 
oxysporum, P. syringae is considered a hemi-biotroph and both pathogens hijack the JA pathway to 
promote disease susceptibility in the plant (Feys et al., 1994; Block et al., 2005; Laurie-Berry et al., 
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2006; Thatcher et al., 2009). Therefore it is interesting that the genes that were repressed in the F. 
oxysporum-infected root microarray were also repressed in response to P. syringae infection (Figure 
2.4). This suggests that both F. oxysporum and P. syringae are able to evoke similar patterns of 
gene expression. In addition, as the genes that were repressed by F. oxysporum were also 
suppressed in response to FLG22 treatment (Figure 2.4) this suggests that genes that are switched 
off during the response to FLG22 may also be suppressed in the roots during F. oxysporum 
infection. However we did not find co-expression of FLG22-induced genes when comparing the F. 
oxysporum-induced genes in Genevestigator (Zimmermann et al., 2005). 
 
 
Figure 2.2. : Co-regulation of F. oxysporum-induced Arabidopsis root genes. 
 
Shown is a heat map with different intensity Arabidopsis gene expression of various other 
treatments for the genes that were identified in this study to be induced in F. oxysporum-infected 
roots. Red = induced, green = repressed gene expression; data were extracted from Genevestigator 
(Zimmermann et al., 2005). 
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Figure 2.3. : Co-regulation of F. oxysporum-repressed Arabidopsis root genes. 
 
Shown is a heat map with different intensity gene expression of FLG22-treated Arabidopsis plants 
for the genes that were identified in this study to be repressed in F. oxysporum-infected roots.  Red 
= induced, green = repressed gene expression; data were extracted from Genevestigator 
(Zimmermann et al., 2005). 
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Figure 2.4. : Co-regulation of F. oxysporum-repressed Arabidopsis root genes. 
 
Shown is a heat map with different intensity gene expression of P. syringae-treated Arabidopsis 
plants for the genes that were identified in this study to be repressed in F. oxysporum-infected roots.  
Red = induced, green = repressed gene expression; data were extracted from Genevestigator 
(Zimmermann et al., 2005). 
 
2.3.4 Modulation of F. oxysporum repressed genes leads to increased resistance 
 
To test whether the genes identified from our microarray study play a role in defence against F. 
oxysporum, we obtained T-DNA insertion mutants from TAIR for ten differentially expressed genes 
and performed disease resistance assays with F. oxysporum. The majority of the insertion lines 
showed no difference in F. oxysporum resistance (data not shown). However, one of the mutants 
tested, erf72, which contains a T-DNA insertion in the AP2/ETHYLENE RESPONSE FACTOR72 
gene, showed increased resistance to F. oxysporum (Figure 2.5). 
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Figure 2.5: Disease score for erf72 mutants and wild-type Arabidopsis plants.  
The disease score represent the average proportion of symptomatic leaves per total leaves per plant.  
Asterisk (*) indicates p-value < 0.05 according to Student’s T test; bars represent mean ±SE of 
three independent replicates of 10 plants each. 
 
2.4 Discussion: 
 
In comparison to leaf-infecting pathogens there are relatively few studies of root pathogens due to 
the difficulty in observing the infection process in an unobtrusive manner. The exploration of the 
defence response in the leaves has provided vast insights into the main plant defence pathways that 
are activated in response to a pathogen attack and more research is needed to fully understand plant 
defence signalling in response to root-infecting pathogens.  
  
F. oxysporum is a systemic pathogen that infects root tissue and travels through the root vasculature 
to cause disease in the stem and leaf tissue. Microarray analyses (Kidd et al., 2009; 2011; Zhu et al., 
2013) as well as a number of functional genomic-type analyses (Anderson et al., 2004; Berrocal-
Lobo and Molina, 2004; Diener and Ausubel, 2005; Thatcher et al., 2009) have been performed to 
identify the signalling processes that are required for resistance against F. oxysporum in 
Arabidopsis. However these studies have primarily focussed on the leaf tissue and it is possible that 
the leaf may not be the ideal location for identifying resistance mechanisms against a root-infecting 
pathogen. It has been shown that the JA co-receptor, COI1 is required for susceptibility to F. 
oxysporum and the coi1 mutant shows almost complete resistance (Thatcher et al., 2009; Trusov et 
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al., 2009). In addition, other mutants deficient in JA-associated gene expression pathways such as 
the myc2 and pft1 mutants are resistant to F. oxysporum (Anderson et al., 2004; Kidd et al., 2009). 
These findings suggest that manipulation of the plant’s JA signalling pathway is required for 
disease progression. Interestingly, grafting studies revealed that the resistance of coi1 depended 
primarily on a coi1 mutant rootstock suggesting that coi1-dependent resistance occurs in the roots 
(Thatcher et al., 2009). Furthermore, Bardi et al. (2008) found out that significant differences 
occurred in the signalling compound-elicited expression profile of genes in roots vs those in leaves. 
Both studies (Carvalhais et al., 2013; Bardi et al., 2008) show root exudate patterns upon JA and 
SA treatment on the leaves, respectively. To examine the resistance response in the roots in more 
detail, we undertook a microarray experiment of F. oxysporum-infected root samples collected at 48 
hours after infection. This time point was chosen to be comparable with a previously conducted 
microarray performed on the leaf tissue. 
 
In contrast to the leaf microarray, the root array showed more down-regulated genes as opposed to 
up-regulated genes. Also in contrast to the leaf array was the relative absence of defensin or 
pathogenesis-related (PR) protein gene expression in the infected root tissue. In the root array, one 
relatively uncharacterized defensin gene was expressed in infected roots but the expression was 
below the 1.5 fold cut-off used for selecting differentially expressed genes. Dowd et al. (2004) 
performed a microarray experiment on cotton infected with F. oxysporum. Interestingly, the authors 
found similar results with gene repression also being more predominant than induction in F. 
oxysporum-infected cotton roots. Dowd et al. (2004) also found little change in defence-related 
genes in the roots, however observed induced expression in the leaves, which is similar to the 
findings of our Arabidopsis leaf and root microarrays (Table 2.3;Table 2.4; Kidd et al., 2011). 
These observations possibly suggest that gene repression in the root tissue by F. oxysporum 
infection may contribute to the susceptibility of the infected plant. The comparison of differentially 
expressed genes between our root microarray and the F. oxysporum leaf microarray showed only 
three genes in common between these two microarrays. While we cannot rule out differences in the 
types of arrays that were used affecting the results, our results indicate that gene expression changes 
that occur in response to F. oxysporum infection are different in the root and leaf tissue. In support 
of our results, Attard et al. (2010) reported that the pattern of early defence mechanisms against 
Phytophthora parasitica differs between roots and leaves in Arabidopsis. This is perhaps not 
surprising for hemi-biotrophic pathogens such as F. oxysporum and P. parasitica, as the gene 
expression changes that occur in the roots, may be prioritized to perception of the pathogen and 
preventing penetration of the root tissue during the biotrophic stage, whereas the leaves may instead 
be acting to limit symptom development as a result of the switch to the necrotrophic stage. In 
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support of this, Schlink (2010) also found that gene expression in the early biotrophic stages of 
Phytophthora citricola infection were different compared to the later necrotic stages of infection in 
Fagus sylvatica. Intriguingly, Balmer et al. (2013) pointed out that the fungal pathogen 
Colletotrichum graminicola infecting roots provoked systemic resistance in the foliage more 
efficiently than leaf infections, suggesting that roots have an enhanced capability to trigger a 
systemic defence response in maize. However, Balmer et al. (2013) showed only a minor 
transcriptional response in the roots using RT-qPCR and the antifungal defence response between 
roots and shoots still needs to be explored in the future to gain a better view of plant defence 
responses above and below ground.  
 
From our microarray result, we found that ERF72 was down-regulated under F. oxysporum 
infection at 48 h. The down-regulation of ERF72 by F. oxysporum might suggest that ERF72 is a 
resistance associated gene and that down-regulation of this gene is a strategy employed by F. 
oxsporum to  reduce resistance in the host. However an erf72 mutant showed an increased 
resistance response against F. oxysporum and therefore suggesting that the down-regulation of 
ERF72 during infection is instead evidence of the host trying to mount a resistance response. 
Ultimately the plant fails though as the down-regulation of ERF72 is either too late or insufficient to 
ward off the pathogen in time to suppress disease spread. Ogawa et al. (2005) suggest that ERF72 
potentially induces the JA pathway as JA pathway marker gene PDF1.2 was induced in ERF72-
over-expressing plants. Over-expression of ERF72 also down-regulates ROS production and 
programmed cell death. Therefore, we hypothesised that erf72 plants will down regulate aspects of 
the JA pathway and  induce ROS and programmed cell death. These three elements might assist the 
plant to increase resistance against F. oxysporum.   These hypotheses are explored in more detail in 
the following chapter. 
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3 Chapter III: Investigation into the role of ERF72 
in F. oxysporum susceptibility 
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3.1 Introduction of the AP2/ERF family and ERF72: 
 
 
ERF72 (encoding Ethylene Response Factor 72, At3g13770) showed a significant reduction in 
expression in the microarray experiment when plants were challenged with F. oxysporum and also 
the mutant erf72 showed a significant resistant phenotype against F. oxysporum compared with the 
wild-type (see Figure 2.5). ERF72 is one of several AP2/ERF (APETALA2/Ethylene Responsive 
Element Binding Protein) TFs in Arabidopsis. The AP2/ERF proteinfamily is a group of TFs that 
possesses a DNA-binding domain that consists of about 60-70 conserved amino acids (Ito et al., 
2006). Irish and Sussex (1990) were first to identify the AP2 domain through characterizing 
mutants in Arabidopsis. The ERF domain was first identified in tobacco (Nicotiana tabacum) and it 
was reported to bind to a specific GCC box, which is a DNA sequence involved in the promoters of 
ethylene responsive genes (Ohme-Takagi and Shinshi, 1995). 
 
Sakuma et al. (2002) have reported that the Arabidopsis genome has 145 genes coding for 
AP2/ERF-related proteins. This gene family can be divided into subfamilies. These are the ERF 
subfamily consists of a single AP2/ERF domain and another one is the AP2 subfamily which has 
two AP2 domains (Shigyo et al., 2006). Most genes in the ERF subfamily are involved in signal 
transduction pathways responding to abiotic and biotic stress (Riechmann and Meyeroitz, 1998). 
ERF TFs can mediate the response to pathogen infection (Schenk et al., 2000), ethylene (Fujimoto 
et al., 2000), ABA (Finkelstein et al., 1998) and abiotic stress such as cold, dry and salt (Stockinger 
et al., 1997; Finkelstein et al., 1998; Park et al., 2001). It is also known that ERFs can act as either 
an activator or repressor of transcription.  
 
Nakano et al. (2006) have classified all the ERF TFs in Arabidopsis and clustered them into 
different groups. ERF72 has been classified in group VII. A characteristic feature of this group is a 
MCGGAI(I/L) motif referred to as CMVII-1. Two additional motifs, CMVII-2 and CMVII-3, were 
also identified. All the TFs in this group have a single intron in the 5’-flanking region of the 
AP2/ERF domain. ERF72 was the first TF identified in this group.  
 
ERF72 expression is inducible by exogenous ethylene in wild-type plants and ERF72 transcript 
abundance is greater in the ctr1-1 mutant, in which ethylene-regulated signal pathways are 
constitutively activated (Buttner et al., 1997). Pan et al. (2001) suggested that ERF72 can function 
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as a dominant suppressor of Bcl-2-associated X protein (Bax)-induced cell death in yeast. Bax 
forms channels in the outer membrane of the mitochondrion and triggers the release of cytochrome 
C, which activates a series of caspases, initiating a cascade of protease activation. In addition, 
Ogawa et al. (2005) found out that ERF72 confers resistance to Bax-induced cell death in tobacco 
plants and resistance treatments such as H2O2 and heat in plant cells. It is also suggested that ERF72 
causes the up-regulation of defence genes and the up-regulation of GST6, which is related to ROS 
metabolism. GST6 is a H2O2- and salicylic acid-inducible glutathione S-transferase . Chen and 
Singh (1999) showed that the GST6 promoter had a high induction in roots following H2O2 
treatment. Therefore, ERF72 is considered to antagonize cell death. Ogawa et al. (2005) suggested 
that ERF72 may be located downstream of EIN2 and CTR1, and most likely under EIN3.  
 
Other ERF genes which belong to group VII have been studied in the literature. Park et al. (2011) 
investigated ERF71 and suggested that this TF mediates osmotic stress such as hypoxia response in 
Arabidopsis. Hess et al. (2011) have pointed out that ERF73 gene expression positively regulates 
alcohol dehydrogenase (ADH) activity, which was analysed as a marker enzyme for metabolic 
adaptation to hypoxic stress. ERF73 was also found to increase the response to ethylene signalling 
in Arabidopsis roots. ERF74 and ERF75, also known as RAP2.2 (related to AP2 2), were found to 
have dual roles in Botrytis cinerea resistance and as a positive regulator of hypoxia tolerance (Zhao 
et al., 2012). Therefore, it is intriguing to investigate how an erf72 mutant shows resistance against 
F. oxysporum. 
 
3.2 Methods: 
 
3.2.1 RT- qPCR conditions 
 
All RT-qPCR experiments have been done on 384 well plates using epMotion automated pipetting 
(Eppendorf epMotion 5075, Eppendorf). The 10 µL reactions consisted of 5 µL SYBR Green 
master mix reagent (Applied Biosystems), 2 µL primer mixture (forward and reverse, 3 µM) and 3 
µL cDNA (1 µg/uL) were used. Real-time quantitative PCR was performed with ABI PRISM 7900 
sequence Detection System (SDS) (Applied Biosystems) using SYBR Green to monitor real-time 
synthesis of double-stranded DNA. The following thermal cycles were applied; Stage 1: 50°C 2 min, 
Stage 2: 95°C 10 min, Stage 3: 45 cycles of 95°C 15 sec and 60°C 1 min, Stage 4: one cycle of  
95°C 2 min, 60°C 15 sec, 95°C 15 sec.  
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3.2.2 RT-qPCR experiment for methyl jasmonate and salicylic acid treatment 
 
Methyl jasmonate (MeJA) was applied to a sample of cotton wool (approximately a thumb size) to 
reach  a final concentration of 4 µM/L of air when the cotton wool was placed inside a 20 L sealed 
dome, and MeJA was volatilised in the air. The growth condition of Arabidopsis mutants remained 
the same as detailed in the previous chapter. Leaf tissues were collected after 6 hours for gene 
expression studies.  
 
RT-qPCR analysis for salicylic acid treated plants were performed by spraying the plants with 
salicylic acid (SA) with a concentration of 100 µM. The growth condition remained the same as in 
the previous chapter. Leaf tissues were collected at 24 hours after spraying.  The time points were 
chosen based on their optimal induction of marker genes based on previous studies within the 
laboratory and have been previously published (Schenk et al., 2000).  
 
3.2.3 F. oxysporum inoculation and plate assay for gene expression  
 
Arabidopsis thaliana (wild type, Col-0) was used for F. oxysporum inoculation assays. Arabidopsis 
seeds were sterilized in 70% (v/v) ethanol for 2 min and then 2% (v/v) of bleach for 10 min, 
followed by rinsing five times in sterilized water. Surface-sterilized seeds were planted on Petri 
dishes containing 100 mL of Murashige-Skoog (MS) agar supplemented with 1% (w/v) of sucrose 
and kept for 2 days at 4
o
C. The Petri dishes were then transferred to a growth cabinet with a 
constant temperature of 22
o
C and a 16 hour light/ 8 hour dark time regime. Two-week-old seedlings 
were used for F. oxysporum inoculations. Plants were inoculated with F. oxysporum as described by 
Edgar et al., (2006). Briefly, at 1 h after the start of the photoperiod (t = 0 h) the plants were gently 
uprooted and dipped for 15 s in fungal spore suspension with a concentration of 10
6
 spores/mL in 
water and then replanted. Mock plants were dipped in water and replanted. Root tissues were 
harvested at specific hours after inoculation (three independent biological replicates with pools of 
40 plants each). Once the root samples were harvested, the root tissue was snap-frozen in liquid 
nitrogen. Additional experiments (three independent biological replicates with pools of 40 plants 
each) were carried out for the F. oxysporum RT-qPCR analyses. 
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3.2.4 Quantification of bacterial growth (P. syringae) in Arabidopsis 
 
The bacteria were prepared 3 days before the inoculation procedure. Pseudomonas syringae 
DC3000 was incubated for 2 days at 28°C. In the morning of the day before inoculation, a spreader 
was used to distribute a generous sample of growing bacteria over a fresh plate to obtain a lawn for 
the following day. On the day of inoculation, 10 mL of 10 mM MgCl2 was added to the plate, after 
waiting for 10 min and then pipetting the suspension out of the plate. After measuring the 
concentration at OD600, it was adjusted to OD600 of 0.05 (~1-2.5x10
7
 bacteria) by using the blank 10 
mM MgCl2 solution. Four to five–week-old plants were inoculated in the morning when stomata 
were open. The petioles of the leaves that were inoculated were labelled with a permanent marker, 
this included a mock treated plant as a control (10 mM MgCl2). At the point of inoculation  on the 
abaxial leaf surface a 1 mL syringe (no needle) was used to infiltrate with 10 µL of the bacterial 
suspension into each  leaf. This was accomplished  while pressing with a finger against the syringe 
tip on the adaxial side. Four leaves were inoculated on each plant. After inoculation, the plants were 
moved to the growth chamber and covered with a transparent lid. Samples for day 0 were taken 1 h 
after inoculation. This was followed by collecting three replicates/time point and four 
leaves/replicate, and for each replicate, four leaves were transferred to an Eppendorf tube. Once in 
the Eppendorf tube,  1 mL of 10 mM MgCl2 solution was added and tissues were ground by hand 
using a plastic pestle. Ten-fold serial dilutions were prepared (180 µL MgCl2 + 20 µL sample) by 
adding sterile water then plated (20 µL of each) onto KB plates with the appropriate antibiotics, 
rifampcin 50. The composition of KB medium (per litre) consisted of: 10 g of Bacto-tryptone, 10 g 
of Bacto-peptone, 1.5 g of K2HPO4, 3.08 g of MgSO4.7H2O,  and 15 g of agar, then the pH was 
adjusted to 7.2.  The dilution rate at which the number of colonies in the range of  1-20 colonies per 
plate after 40 h of incubation at 28°C, was used to calculate the colony forming units (cfu) as a  
disease score. 
 
3.2.5 Jasmonate root inhibition 
 
Four different types of MS media plates (4.43 g of MS salt from PhytoTechnology Laboratories ®, 
1% of sucrose in 1 litre of distilled water and with the pH adjusted to 5.8, followed by adding 15 g 
of agar from SIGMA) were made (plain, ethanol control, 5 µM and 10 µM). A concentrated stock 
of MeJA was prepared by adding 11.8 µL of MeJA in 500 µL  ethanol (100%). Each type of MS 
medium was used for 8 plates. For the ethanol control plate, 20 µL of 100% ethanol was added into 
200 mL of MS agar. For the 10 µM MeJA MS plate, 20 µL of MeJA (100 mM) was added to 200 
mL of agar. The 5 µM MeJA MS plate should have 10 µL of MeJA (100 mM) and 10 µL of ethanol 
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was added into 200 mL of agar. For each plate, the wild-type and mutant seeds were sterilized and 
planted on MS agar and stored at 4
o
C for two days for stratification. After stratification, the MS 
plates were placed vertically into the growth chamber and the root lengths were measured after 10 
days. 
 
3.2.6 Phytophthora cinnamomi inoculation 
 
P. cinnamomi was obtained from Dr. Christopher O’Brien from the Department of Employment, 
Economic Development and Innovation (DEEDI) - and maintained on 20% V8 juice agar as 
described by Miller (1995) with the isolate subcultured every two weeks. Wheat seeds were 
sterilized and cultured with P. cinnamomi until the wheat seeds were completely infected. The three 
weeks-old Arabidopsis plants were transferred to a new tray containing 30 wells. P. cinnamomi 
infected wheat seeds were added to each well by making two holes in it and three infected seed 
were added to each hole before the Arabidopsis plant was planted. After two weeks post 
inoculation, the plants were collected to measure the rosette diameter and compared with mock 
infected plants.  
 
3.2.7 Quantification of F. oxysporum levels in erf72 
 
erf72 DNA extraction was performed by using the CTAB buffer. 500 µL of CTAB buffer was 
added into leaf ground powder. The CTAB/plant extract mixture was incubated about 15 min at 
55°C in a heat block. After incubation, the extraction mixture was spun at 12,000xg for 5 min to 
spin down cell debris and the supernatant was transferred to clean microfuge tubes. Approximately 
½ volume of chloroform:isoamyl alcohol (24:1) was added. After mixing, tubes were spun at 
12000xg for 1 min and the upper aqueous phase was carefully transferred to clean tubes. To each 
tube, 1/10 volume of 7.5 M ammonium acetate was added followed by 1 volume of ice cold 
absolute ethanol. The tube was mixed and placed at -20°C overnight. Following precipitation, DNA 
was washed twice by two changes of ice cold 70% ethanol. The pellet was resuspended in 50 µl 
water. The quantification of F. oxysporum level PCR was used the same condition as RT-qPCR 
condition. The sequences of primers used in this experiment were detailed in table below.  
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Composition of CTAB buffer (100 mL): 
 
2 g  CTAB (hexadecyl trimethyl ammonium bromide) 
10 mL 1 M Tris pH 8.0 
4 mL 0.5 M EDTA pH 8.0 
28 mL 5 M NaCl 
2 mL β-Mercaptoethanol (optional) 
56 mL H2O 
1 g PVP40 adjusted all to pH5.0 with HCl 
 
Table 3.1:Primer list for quantification of F. oxysporum level  
 
Primer 
Name 
Forward sequence Reverse sequence 
iASK CTTATCGGATTTCTCTATGTTTGC GAGCTCCTGTTTATTTAACTTGTACATACC 
GPD AAGGGTGCTTCTTACGACCA ATCGGAGGAGACAACATCGT 
 
3.2.8 H2O2 quantification 
 
Hydrogen peroxide quantity was measured according to the method of Joo et al. (2005). A total of 
30 mg of liquid nitrogen-ground plant sample was extracted in 1 mL Tris-HCl buffer (10 mM, 
pH7.3). The homogenate was centrifuged at 13,000 rpm for 5 min at 4°C. The supernatant was 
taken and centrifuged again under the same conditions. H2O2 was detected using the dye 2’,7’-
dichlorofluorescein diacetate (H2DCFDA). This indicator is a cell permeable non-fluorescent probe, 
but it switches to high fluorescence during oxidation. The H2DCFDA stain is taken up by cells 
where non-specific cellular esterases act upon it to cleave off the lipophilic groups, resulting in a 
charged compound believed to be trapped inside the cell. Oxidation of H2DCFDA by H2O2 converts 
the molecule to 2’,7’ dichlorodihydrofluorescein (DCF), which is highly fluorescent. (Eruslanov & 
Kusmartsev, 2010). The assay mixture contained 20 µM H2DCFDA final concentration (a stock of 
100 mM in DMSO was prepared) and 100 µL extract. The volume was prepared to 250 µL with 10 
mM Tris-HCl buffer (pH7.3). In parallel with each sample, catalase (300 unit/mL, Sigma) was 
added to subtract, which accelerate the ROS reaction. The fluorescence was measured at 40 min 
after H2DCFDA addition using a fluorometer (Fluoroskan Ascent). 
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3.2.9 F. oxysporum GUS histochemical assay 
 
The GUS-expressing F. oxysporum, which is F. oxysporum transformed with a constitutive β-
glucuronidase over-expressing construct, was obtained from Dr. Ming Bo Wang’s laboratory at 
CSIRO (Schumann et al., 2013).  The plants were inoculated with F. oxysporum GUS spores at a 
concentration of 1 million spores/mL. The plant root tissue was cleared with 100% ethanol after 14 
days post inoculation. The roots were incubated at 37°C in staining solution overnight. The staining 
solution included 2 mM X-Gluc (5-Bromo-4-chloro-3-inoyl β-D-glucuronide cyclohexylammonium 
salt in dimethyl formamide), 0.1% Triton, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6.3H2O, 10 mM 
EDTA and 50 mM K or (Na) PO4 buffer pH7.0. Following X-Gluc incubation, the root tissue was 
de-stained with 100% ethanol for 5 minutes and cleaned with fresh desterilized water. The tissue 
slide was observed under a compound microscope (Olympus).   
 
3.3 Results: 
 
3.3.1 erf72 treated with defence hormones 
 
To examine how the erf72 mutant may be providing resistance to F. oxysporum, relative to the WT 
Col-0, we looked at how defence genes may be altered in the erf72 mutant. The expression of a 
number of JA- and SA-associated marker genes after treatment with either JA or SA, respectively, 
was examined. Both experiments used leaf tissues examine gene expression, as previous results 
have found that leaves respond better to hormone treatment and allow for the potential detection of 
small differences between the mutant and the WT (unpublished results). RT-qPCR experiments 
showed no significant change in the expression of SA-associated PATHOGENESIS RELATED 
genes; PR1, PR2 and PR5, or the JA-associated defence genes PDF1.2 and PR4 in the erf72 mutant 
(Figure 3.1). Interestingly however, the expression of the BASIC CHITINASE (CHI-B) gene, 
otherwise known as PR3, showed increased expression in the erf72 mutant under both mock and JA 
treated conditions (Figure 3.1) The heightened expression of CHI-B could potentially contribute to 
the increased resistance of the erf72 mutant to F. oxysporum. 
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Figure 3.1A-F: Different relative abundance for WT/erf72 JA and SA treatment  
Shown are RT-qPCR data from three independent biological replicates, each containing a pool of 
30 plants. Asterisk (*) indicates p-value < 0.05 according to Student’s T test; bars represent mean 
±SE. 
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3.3.2 The erf72 mutant is not affected in resistance against other plant pathogens 
 
As the erf72 mutant showed increased resistance against F. oxysporum relative to the WT, we 
decided to examine its role in plant defence against other pathogens. We inoculated erf72 with two 
leaf pathogens and another root pathogen to determine whether the defensive function of erf72 has a 
role against other plant pathogens. Firstly, erf72 leaves and wild-type leaves were treated with A. 
brassicicola spores and lesions were examined 3 days after treatment (Campbell et al., 2003). 
Unfortunately, the infection of A. brassicicola failed and symptoms were not produced for either the 
erf72 mutant or the wild-type. We also examined erf72 with P. cinnamomi comparing to wild-type 
plants (Figure 3.2). 
 
 
 
Figure 3.2: P. cinnamomi treatment of erf72 and WT Arabidopsis plants  
The first two rows were WT plants and were inoculated with P. cinnamomi. The 3
rd
 and 4
th
 rows 
were erf72 inoculated with P. cinnamomi. The last row was separated into 2 parts- left was the 
mock control with WT, and on the right was the mock-treated control with erf72.  
 
We measured the diameter of infected erf72 and wild-type plants, the result is shown below: 
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Figure 3.3 (A-B): erf72 mutant disease score under P. cinnamomi treatment 
(A) The disease assay of P. cinnamomi with wild-type and erf72. The y-axis indicates rosette 
diameters. The result shown is from three independent biological replicates, each containing a pool 
of 30 plants (B). The figure shows the percentage of reduced growth in WT and erf72.   
 
Figure 3.3(A) shows that erf72 has a larger rosette diameter compared to WT. Figure 3.3 (A) shows 
that there is 85% growth in WT and 88% in erf72. However, the result is hard to compare between 
WT and erf72. Figure 3.3 (B) shows that there is no significant difference between WT and erf72. 
Therefore, erf72 has no change in resistance to P. cinnamomi relative to the WT (Col-0).  
 
We also tested erf72 with the bacterial pathogen, Pseudomonas syringae. We infected Arabidopsis 
leaves and then extracted the bacteria from the leaves and plated the leaf solution in serial dilutions 
to count the bacterial titre within the leaf (Figure 3.4).  
 
According to Figure 3.4, the P. syringae colonies showed obvious growth day by day on both wild 
type and erf72 leaves. Unfortunately a significant difference between wild-type and erf72 mutant 
could not be found. Therefore altering erf72 might not have a role in defending against these 
pathogens. Further repetition is necessary to determine whether there is a real difference by day 
three of growth of P. syringae  in the erf72 mutant. 
 
A B 
60 
 
  
 
Figure 3.4(A-B): erf72 inoculated with P. syringae and disease score 
(A) 4 weeks-old erf72 plants inoculated with P. syringae. The leaves showing lesions by P. 
syringae were obtained for analysis. (B) 3 biological replicate samples were obtained post 
inoculation on day 1, 2 and 3. Each replicate had 10 leaves.  
3.3.3 The root JA inhibtion assay 
 
Previously, its been found that Arabidopsis mutants that have a reduced sensitivity to JA, are 
resistant to F. oxysporum (Kidd et al., 2009; Thatcher et al., 2009). Therefore we treated erf72 
plants with MeJA (5 µM) to investigate whether the root length will be suppressed by MeJA. Our 
result indicates that there was no significant difference between the root lengths of wild-type and 
erf72 after MeJA treatment. Therefore it is unlikely that the erf72 mutant is insensitive to JA 
(Figure 3.5).  
 
 
Figure 3.5: erf72 mutants showed no difference on JA root inhibition 
Bars represent mean root lengths ±SE of three independent replicates of 10 plants each. 
A B 
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3.3.4 erf72 gene expression at different time points   
 
We treated erf72 with F. oxysporum at different time points, and we expected to investigate certain 
marker gene expression changes through various time points. We set the time points for 1 h to 
measure very early responses and 24 h to capture intermediate responses compared to the 
microarray which was at 48 h.  We selected genes which were related to ROS and the JA-pathway. 
Ogawa et al. (2005) indicated that ERF72 has role in ROS and the JA pathway; therefore we 
selected 20 candidate genes that relate to both, ROS and the JA pathway. 
 
 
Glutathione S-transferase (GST) 6 was up-regulated in ERF72-over-expressing plants according to 
the literature (Ogawa et al., 2005). It is obvious to see that GST6 was down-regulated when ERF72 
was knocked down. However, it did not show much difference in the F. oxysporum treatment. 
Interestingly, OXI1 and MAPK6 showed a significant lack of induction in the erf72 plants relative to 
the WT in response to F. oxysporum treatment (Figure 3.6). OXI1 is a positive regulator for ROS 
production and it is required for full activation from both MAPK3 and MAPK6 after strong 
induction by H2O2. According to the real time PCR result (Figure 3.6), it might suggest that F. 
oxysporum induces some H2O2 production in wild-type roots, but erf72 blocked OXI1 induction and 
potentially blocked H2O2 production.  The suppression of OXI1 might lead to less ROS production 
and potentially less stress from F. oxysporum infection and therefore leads to greater resistance 
through enhanced stress tolerance.  This hypotheses is investigated in section 3.3.7. It was 
interesting to find that MAPK6 was also down-regulated in the erf72 line after F. oxysporum 
treatment. MAPK6 is involved in the PAMP response, so it might suggest that PAMP signalling 
and ROS responses are altered in the erf72 mutant.   
 
We also looked at the expression of other genes relating to the JA and ET pathways such as VSP2 
and WRKY70, however we could not find much difference between these key marker genes. 
However, AOS (Allene Oxide Synthase) showed a significant difference in expression in erf72 
during F. oxysporum infection. At the 1 h time point, AOS showed a lack of induction in erf72 roots 
in response to F. oxysporum infection (Figure 3.6), as a result of this, JA levels might be lower in 
erf72. The JA pathway is known to be induced by F. oxysporum and is required for disease 
progression. The failure of AOS to be induced by F. oxysporum by erf72 may be evidence of a 
failure to up-regulate this pathway in the resistant erf72 mutant. Further work is needed to 
determine how this result may be occurring. 
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We also did RT-qPCR for erf72 leaves at the 24 h time point; however, we did not find any gene 
expression that had a significant difference at this time point with the genes we looked at in the 
roots. This might suggest that roots and shoots act differently during fungal invasion.  
  
     
     
 
Figure 3.6(A-E): Gene expression in the WT and erf72 at 1 h post inoculation with F. 
oxysporum. 
Shown are RT-qPCR data from three independent biological replicates, each containing a pool of 
30 plants. Asterisk (*) indicates p-value < 0.05 according to Student’s T test; bars represent mean 
±SE. 
A B 
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3.3.5 Quantification of F. oxysporum levels in erf72  
 
It is possible that the resistance of erf72 to F. oxysporum infection is due to a reduction of growth in 
planta. To determine whether erf72 can suppress F. oxysporum growth, we infected both wild-type 
and erf72 and obtained the leaf tissues at two different time points and performed real-time PCR to 
quantify pathogen biomass. We compared the relative abundance of F. oxysporum DNA to 
Arabidopsis DNA using the F. oxysporum GPD gene against the Arabidopsis iAsk gene (Gachon & 
Sainderan, 2004).  GPD is a fungal specific gene, and these specific primers are able to amplify 
fungal DNA inside of the plant. iAsk provides specific primers for Arabidopsis. Comparing these 
two genes allows us to determine the quantity of fungus relative to Arabidopsis DNA.     
The gene expression showed no difference between wild-type plant and erf72 plants in both time 
points (Figure 3.7). Therefore erf72 contained the same amount of fungal DNA compared to wild-
type plants.  
 
 
 
Figure 3.7: Expression of a universal fungal gene (GPD) analysed by real time PCR 
Soil grown 4 weeks-old Arabidopsis seedlings (WT and erf72) were inoculated with F. oxysporum. 
The samples were obtained at the 8
th
 day and the 12
th
 day after infection. Three biological replicates 
were collected and each replicate had 30 seedlings.   
 
3.3.6 Comparison between wild-type and erf72 using F. oxysporum expressing GUS  
 
We used GPD to quantify F. oxysporum in wild-type and erf72. We wanted to use other methods to 
confirm the result of GPD quantification, thus we used a F. oxysporum GUS-expressing line to 
visualize fungus inside of plants. We obtained the F. oxysporum GUS line from CSIRO Canberra. 
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GUS is a reporter gene system and after x-Gluc staining the GUS enzyme activity can be visualized 
as a blue colour.  
      
    
   
     
Figure 3.8(A-F): GUS expression of F. oxysporum colonizing wild-type and erf72 Arabidopsis 
roots 
(A)  Mock control of wild-type (Col-0) plant roots, (B) Mock control of erf72 roots,  (C, E) F. 
oxysporum expression in wild-type (Col-0) plant roots. (D,F) F. oxysporum expression in erf72 
roots. The plants were examined at 24 h after inoculation with F. oxysporum GUS.  
 
Figure 3.8 illustrates the comparison between wild-type and erf72 plant roots. Figure 3.8 (A) and 
(B) are the mock controls for both wild-type and erf72, which showed no expression of the GUS 
reporter gene. Figure 3.8 (C- F) shows the images of GUS expression in both, as a result, we could 
see that GUS expression is relatively similar between wild-type and erf72. We did an expression 
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score by approximately calculating the percentage of expression from the overview of the whole 
plant roots: there were around 7.75% infected tissue in wild-type and 7.2% in erf72. We observed 
the whole roots, and then calculated the percentage of expression of whole roots. The result 
suggests that erf72 consists of relatively the same amount of fungus inside of roots compared to 
wild-type. Therefore, even though erf72 confers resistance against F. oxysporum, erf72 does not 
reduce the quantity of fungus either internal or external by preventing fungus entering the roots.  
3.3.7 Role of erf72 in ROS production  
 
Ogawa et al. (2005) pointed out that ERF72 plays a role in regulating programmed cell death and 
ROS production. However, the study did not investigate the role in ROS production further. 
Therefore, we wish to investigate the role of ERF72 in ROS production and programmed cell death, 
and whether ROS production plays a role in F. oxysporum infection. In order to measure ROS, we 
tried several staining methods to measure hydrogen peroxide. We tried H2DCFDA to measure the 
ROS production in both wild-type and erf72. In our result, we found that F. oxysporum suppressed 
ROS production in both wild-type and erf72 (Figure 3.9). The production of ROS is much lower 
than in the mock treatment. It might suggest that F. oxypsorum suppresses ROS production and this 
may aid in successful infection of the plant.  
 
 
 
Figure 3.9: H2DCFDA staining of erf72 and wild type Arabidopsis with and without F. 
oxysporum treatment  
Three biological replicates of 4 weeks old seedlings were collected, and each biological replicate 
had 10 seedlings. The plant tissue was collected 1h after inoculation with F. oxsyporym. The Y-axis 
indicates the fluorescence reading under a plate reader.  
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3.4 Discussion:  
 
Through screening of T-DNA insertion mutants of genes differentially expressed in the microarray, 
we were able to identify a role for ERF72 in susceptibility to F. oxysporum. ERF72 encodes an 
AP2/ERF transcription factor that has been shown to suppress programmed cell death (Ogawa et 
al., 2005). Expression of ERF72 could suppress cell death in both plants and yeast when induced by 
the Bax protein, a pro-apoptotic protein from mammals (Pan et al., 2001; Ogawa et al., 2005). 
Over-expression of ERF72 in plants leads to up-regulation of the PLANT DEFENSIN1.2 (PDF1.2) 
gene and GLUTATHIONE S-TRANSFERASE6 (GST6) gene involved in plant defence and ROS 
signalling (Ogawa et al., 2005). Our examination of the T-DNA insertion mutant showed no change 
in PDF1.2 expression or in the expression of other JA- and SA-related defence genes. However it is 
possible that these phenotypes could not be uncovered due to redundancy of the other ERF 
transcription factors maintaining their expression. Interestingly, we found an increase in the 
expression of the CHI-B gene under both mock and F. oxysprorum-treated conditions. This result is 
intriguing, considering that over-expression of ERF72 was shown to activate transcription at 
promoters containing the conserved GCC box (Ogawa et al., 2005). Therefore it is possible that the 
constitutively increased expression of CHI-B in the erf72 mutant may be due to de-repression of a 
repressor that represses CHI-B expression. While further investigation is required into the gene 
expression network controlled by ERF72, the increased expression of genes such as CHI-B could 
provide enhanced resistance to F. oxysporum. In addition, the expression of the AOS gene was 
significantly repressed at 1 h and 6 h time points. The function of AOS lies in the biosynthesis of 
jasmonic acid. According to Thatcher et al. (2009), F. oxysporum hijacks the JA pathway to 
manipulate plant defence. A repression of AOS in erf72 might prevent the plant from producing 
jasmonic acid; as a result of this the plant may have better resistance with less JA production. 
Conflicting with these results is the finding that plants with reduced JA biosynthesis have no change 
in disease symptom development (Thatcher et al., 2009). Therefore it may be unlikely that reducing 
AOS expression would provide enhanced resistance in the erf72 line. Instead it may be an example 
of F. oxysporum being less able to produce disease symptoms in the erf72 mutant. Furthermore, our 
real-time PCR results showed genes encoding oxidative signal inducible 1 (OXI1) and MAP Kinase 
6 (MAPK6) being significantly repressed at the 1 h time point during F. oxysporum infection. OXI1 
is a positively regulator for ROS production, and activation of OXI1 is required for dual activation 
of MAPK3 and MAPK6 (Rentel et al., 2004). Both, OXI1 and MAPK6, genes were significantly 
repressed by F. oxysporum colonisation in erf72, but showed similar levels in the WT. Therefore 
67 
 
the role of ERF72 in ROS needs further study.. In our H2O2 measurement assay, we also showed 
the result that F. oxysporum suppressed ROS production but could not find a difference between 
erf72 and the WT. How does a suppression of ROS assist plants to protect against F. oxysporum? 
What is the major role of ERF72 in ROS production? The major sign of symptom development in 
F. oxysporum infected Arabidopsis plants is a chlorosis that starts in the vasculature of leaves and 
spreads to the entire leaf. It is possible that ROS or perhaps redox changes could affect chloroplast 
stability leading to chloroplast breakdown. Suppression of ROS production in the erf72 line may be 
a reason for decreased symptoms despite similar colonisation levels of the mutant and WT. Ogawa 
et al., (2005) suggested a role in suppressing programmed cell death and ROS in Arabidopsis. In 
our study we found reduced expression of OXI1 in the mutant line. Therefore the role of erf72 in 
maintaining ROS homeostasis needs to be explored further. Further experiments to investigate the 
role of ERF72 in ROS production may also lead to a mechanism in suppressing symptom 
development in response to F. oxysporum infection.  
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Figure 3.10. A model showing ERF72’s regulation of ROS and the JA pathway   
  
Figure 3.10 illustrates a proposed ERF72 pathway based on our findings. ERF1 showed an 
induction in the erf72 mutant, so ERF72 might suppress ERF1 in the ethylene pathway. A 
significant suppression of AOS was found in the erf72 mutant after infection and AOS has been 
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referred to occupy an early position in the JA pathway. Hence ERF72 may induce AOS and 
jasmonic acid production which may switch on JA defence genes such as PDF1.2 potentially in the 
leaves (Kidd et al., 2011) and also defence related genes, such as GST6. ERF72 also plays a role in 
ROS production. Based on our real-time PCR results, we found that ERF72 also induced MAPK6 
and the activation of MAPK6 will switch on OXI1. OXI1 plays a central role in ROS; hence once 
we knock down ERF72, the suppression of OXI1 might help plants to encounter less damage of 
excess ROS production.  
 
Further examination of the resistance phenotype in the erf72 mutant and other mutants from the 
microarray experiment is therefore justified. Investigation of the F. oxysporum responsive genes 
and their roles in pathogenesis may help uncover the strategies used by root microbes to suppress 
host resistance and could provide useful tools to reduce losses in crop species to root associated 
plant pathogens. 
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4 Chapter IV:  PAMP response to F. oxysporum 
infection 
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4.1 Introduction: 
 
In Chapter I, PTI and the innate immune system have been reviewed, however, the majority of 
studies focus on resistance against bacterial pathogens (Wang et al., 2009; Kim et a.,l 2005; Li et 
al,. 2005; Thilmony et al., 2006; Truman et al., 2006). PTI plays an important role in bacterial and 
fungal pathogen defence, so what is known about the role of PTIin fungal resistance? 
 
There are some studies describing the role of PAMP triggered immune responses to fungal 
pathogens. Zhang et al. (2013) identified a novel proteinaceous elicitor, called Sclerotinia Culture 
Filtrate Elicitor 1 (SCFE1) from the necrotrophic fungus, Sclerotinia sclerotiorum that induces 
typical PTI responses in Arabidopsis thaliana. Zhang et al.(2013) showed that SCFE1-triggered 
immune responses engage a signalling pathway dependent on SUPPRESSOR OF BIR1-
1/EVERSHED (SOBIR1/EVR). The presence of an elicitor in S. sclerotiorum evoking PAMP-
triggered immune responses and sensed by RLP30/SOBIR1/BAK1 demonstrates the relevance of 
PAMP-triggered immunity in resistance to necrotrophic fungi. Bouwmeester et al. (2011) reveal 
that lectin receptor kinase, LecRK-1.9 is a novel Phytophthora resistance component. Miya et al.  
(2007) also suggests that, CERK 1, plays a critical role in fungal PAMP perception in plants. 
CERK1, a receptor-like kinase, is essential for chitin elicitor signalling in Arabidopsis. Petutschnig 
et al. (2014) also recently suggested that CERK1 might have a chitin-independent role in cell death 
control and acts as an ectodomain  shedding in plants. The KO mutant shows disease resistance 
against Alternaria brassicicola. CERK1 also interacts with other LysM receptor-like kinase to 
enhance immune system (Le et al., 2014; Narusaka et al., 2013 ; Wan et al., 2012). Le et al. (2014) 
have revealed that the interaction between CERK1  and LysM RLK-1 interacting kinase 1(LIK1) 
was confirmed by co-immunopreciptation using protoplasts and transgenic plants. lik1 mutant 
plants showed an enhanced response to both chitin and flagellin elicitors. lik1 compared with wild-
type plants was  more resistant to the hemibiotrophic pathogen, P. syringae, but more susceptible to 
the necrotrophic pathogen, S. sclerotiorum. Le et al.(2014) also suggested that lik1 mutants showed 
reduced expression of genes involved in the JA and ET signalling pathways. These studies suggest 
that PAMP triggered immunity can play an essential role in fungal resistance, however, there are 
limited studies investigating the role of PTI responses in  F. oxypsorum resistance and therefore this 
is an intriguing field to explore.  
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4.2 Methods: 
 
4.2.1 Plant growth and growth conditions  
 
Arabidopsis thaliana was used for all experiments. Arabidopsis seed was sterilised in 70% (v/v) of 
ethanol for 2 min and then 2% (v/v) of bleach for 10 min, followed by rinsing five times in 
sterilised water. Surface-sterilised seeds were planted on Petri dishes containing 100 mL of 
Murashige-Skoog (MS) agar supplemented with 1% of sucrose and were kept for 2 days at 4
o
C. The 
Petri dishes were then transferred to a growth cabinet with a constant temperature of 22
o
C and a 16 
hours light/ 8 hours dark time. 
 
4.2.2 T-DNA insertion lines 
 
The pub22/23/24 triple mutant was obtained from Dr. Marco Trujillo. cerk1 (AT3G21630) was 
obtained from Dr. Rebecca Lyons. The remaining mutants are SALK-T-DNA insertion lines and 
were obtained from the Arabidopsis Biological Resource Center (ABRC; 
http://www.Arabidopsis.org). These mutants include (). Salk_023199C (AT5G26920), 
Salk_127158C (AT1G08720), Salk_093905C (AT5G46330), Salk_025399C (AT2G23770), 
Salk_062314C (AT3G49110), Salk_152132C (AT3G49110), Salk_094655C (AT1G56570), 
Salk_060002C (AT1G73080), Salk_125413C (AT2G27050), Salk_017221C (AT5G40350), 
Salk_088968C (AT5G42223), Salk_002122C( AT1G29030), Salk_058127C (AT3G23150), 
Salk_070738C (AT4G29080), Salk_140393C (AT2G43010), Salk_096892 (AT4G03550),  pub22-
1/pub23-2/pub24-1 (AT3G52450/AT2G35930/AT3G11840), cerk1-1 (AT3G21630) 
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Table 4.1: SALK mutant list 
TAIR locus ID Salk_number Insertion Homozygous Function 
AT5G26920 Salk_023199C Exon YES Encodes a 
calmodulin-binding 
protein CBP60g 
AT1G08720 Salk_127158C Exon YES Enhance disease 
resistance 1 (EDR1) 
confers resistance to 
powdery mildew 
disease 
AT5G46330 Salk_093905C Exon YES Encodes a leucine-
rich repeat 
serine/threonine 
protein kinase that is 
expressed 
ubiquitously 
AT2G23770 Salk_025399C Promoter YES Protein kinase 
family 
protein/peptidoglyca
n-binding LysM 
domain-containing 
protein 
AT3G49110 Salk_062314C Intron YES Play a role in 
generating H2O2 
during defence 
response 
AT3G48090 Salk_152132C Exon YES Component of R 
gene-mediated 
disease resistance in 
Arabidopsis 
thaliana with 
homology to 
eukaryotic lipases 
AT1G56570 Salk_094655C Promoter YES Defence against 
necrotrophic fungi 
and abiotic stress 
tolerance 
AT1G73080 Salk_060002C Promoter YES Functions as a 
receptor for AtPep1 
to amplify innate 
immunity response 
to pathogen attacks 
AT2G27050 Salk_125413C Exon YES Ethylence-
insensitive3-like 1 
AT5G40350 Salk_017221C Intron YES MYB24 
transcription factor 
AT5G42223 Salk_088968C Exon YES Encodes a defensin-
like family protein 
AT1G29030 Salk_002122C Promoter YES Apoptosis inhibitory 
protein 5 
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AT3G23150 Salk_058127C Exon YES Involved in ethylene 
perception in 
Arabidopsis 
AT4G29080 Salk_070738C Promoter YES Phytochrome-
associated protein 2 
AT2G43010 Salk_140393C Intron YES Isolated as a 
semidominant 
mutation defective 
in red light response 
AT4G03550 Salk_096892 Exon NO Encodes a callose 
synthase that is 
required for wound 
and papillary callose 
formation in 
response to fungal 
pathogens Erysiphe 
and Blumeria 
AT3G52450/AT2G35930/
AT3G11840 
pub22-1/pub23-
2/pub24-1 
Exon 
Exon 
Exon 
 
YES Involved in the 
response to water 
stress and acts as a 
negative regulator of 
PAMP-triggered 
immunity 
AT3G21630 cerk1-1 Intron YES Involved in chitin-
mediated plant 
innate immunity 
The source is from TAIR (http://www.arabidopsis.org/) 
4.2.3 Callose staining  
 
Following treatment with F. oxysporum spores (10
6
 spores/mL) for 24 h, 10 d-old seedlings grown 
on MS media were fixed in a 3:1 ethanol:acetic acid (v:v) solution for 2 hours. The fixative was 
changed 3 times to ensure both thorough fixing and clearing of the tissues, which is essential for 
good callose detection in the roots. Seedlings were rehydrated in 70% ethanol for 2 h, 50% ethanol 
for an additional 2 h, and water overnight. After two or three water washes, seedlings were treated 
with 10% NaOH and placed at 37°C for 1 to 2 h to make the tissues transparent. After three or four 
water washes, seedlings were incubated in 150 mM K2HPO4, pH 9.5, and 0.01% Aniline blue 
(Sigma-Aldrich) for several hours. The roots were mounted on slides and callose was observed 
immediately using a fluorescent microscope (Olympus BX60F5) under UV light (excitation, 390 
nm; emission, 460 nm). 
4.2.4 DAB staining  
 
Detection of hydrogen peroxide was conducted using 3,3’-Diaminobenzidine (DAB) from Sigma-
Aldrich (Daudi et al., 2012). Briefly, plants were inoculated with F. oxysproum suspension and the 
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root tissues were collected and mixed with 1 mg/mL of the DAB liquid buffer solution with 30 µL 
of DAB liquid chromogen. After staining, the plant tissues were rinsed with distilled water for 5 
times and then observed under a microscope (Olympus BX60F5).  
 
Results: 
4.2.5 The pub22/23/24 triple mutant has increased resistance to F. oxysporum 
 
While predominantly studied in the leaves, the PAMP response has recently been shown to be 
active in the roots of Arabidopsis (Millet et al., 2010). Millet et al. (2010) used callose staining and 
GUS-promoter constructs to show that the PAMP response is inducible in roots by a range of 
elicitors. Similarly to the leaves, the root PAMP response can be effectively suppressed by the 
application of P. syringae or the jasmonoyl-isoleucine analog, coronatine, suggesting a possible role 
for JA in suppressing the root PAMP response (Millet et al., 2010). In addition, the root colonising 
non-pathogenic fungus Piriformospora indica has recently been found to use JA signalling to 
suppress the PAMP response to support greater colonisation (Jacobs et al., 2011). As F. oxysporum 
is known to require JA signalling components to promote susceptibility and has been shown to 
induce JA-associated gene expression in the roots and shoots (Kidd et al., 2009; Thatcher et al., 
2009; Table 2.3), we hypothesised that F. oxysporum may also suppress PAMP responses via the 
JA pathway to allow greater infection.  
 
To explore whether an enhanced PAMP response could provide increased resistance to F. 
oxysporum¸ we inoculated the pub22/pub23/pub24 triple mutant which lacks the PUB22, PUB23 
and PUB24 U-box type E3 ubiquitin ligases and has enhanced PAMP responses. The 
pub22/pub23/pub24 triple mutant has been shown to display increased resistance to P. syringae and 
the biotroph Hyaloperonospora arabidopsidis and also shows reduced colonisation by P. indica due 
to a heightened PAMP response (Trujillo et al., 2008; Jacobs et al., 2011). We inoculated the 
pub22/pub23/pub24 mutant with F. oxysporum and found that the triple mutant also possessed 
increased resistance to F. oxysporum (Figure 4.1). This suggests that a heightened PAMP response 
may provide increased protection against F. oxysporum infection. 
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Figure 4.1: Arabidopsis pub22/23/24 triple mutant plants showed increased resistance against 
F. oxysporum.  
The disease score represents the average proportion of symptomatic leaves per total leaves per 
plant. Asterisk (*) indicates p-value < 0.05 according to Student’s T test; bars represent mean ±SE 
of three independent replicates of 10 plants each.  
4.2.6 Callose deposition is deteced at an early stage of F. oxysporum infection 
 
To investigate the involvement of the PAMP response in F. oxysporum infection, we undertook 
callose staining experiments to see whether F. oxysporum is detected by the plant and whether 
callose is produced in response to infection. After inoculation with F. oxysporum, Arabidopsis 
seedlings showed strong accumulation of fungal growth around the root tip regions as previously 
identified (Czymmek et al., 2007; Kidd et al., 2011). However, despite large amounts of F. 
oxysporum hyphae surrounding the root tissue, staining with aniline blue did not detect callose in 
these regions (Figure 4.2A). However, in a limited number of instances we could see callose 
formation in the root regions surrounding possible infection events (Figure 4.2B). This suggests that 
callose may be induced in limited occurrences once infection has already taken place and that the 
PAMP response is activated in the root during F. oxysporum infection. F. oxysporum has been 
shown to effectively colonise the vascular tissue of Arabidopsis roots (Czymmek et al., 2007) and 
therefore the PAMP response might be ineffective in preventing the penetration of F. oxysporum, 
leading to extensive colonisation of the root vasculature and eventual collapse of the above ground 
tissue. The activation of the PAMP response typically needs to be fast in order to successfully 
contain pathogens. It is possible that F. oxysporum may have an immunosuppressive effect at an 
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early stage of infection or alternatively the infection is simply too fast for the plant to block 
infection.  
 
  
  
 
Figure 4.2(A-D): Detection of callose in F. oxysporum infected root tissue 
(A) Fungus surrounding the outside of root tissue. (B) Infected root tip and lateral root, (C-D) 
Uninfected roots.  The white arrows pointed out callose formation during F. oxysporum infection.  
 
4.2.7 ROS production in the roots 
 
To analyse PAMP responses in the roots further, we performed DAB staining to detect local ROS 
production in the root. However, the results did not show any significant difference under the 
microscope. There are several reasons that may cause these results, firstly, the seedlings were 
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80um
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uprooted from the MS agar for inoculation and this might cause a strong ROS production due to 
wounding, thus we cannot see any difference between the infected and uninfected tissue.  
 
     
 
Figure 4.3(A-B): DAB staining of Arabidopsis thaliana roots  
(A) Mock control root, (B) Root colonised by F. oxysporum, and it can be seen that the fungus 
surrounds the outside of the root. 
 
4.2.8 PAMP mutants investigation on F. oxysporum inoculation 
 
In order to understand more about the role of the PAMP mechanism against F. oxysporum, we 
ordered 17 mutants, which are related to PAMP triggered immunity, to see whether they are 
resistant or susceptible to F. oxysporum. Our results showed that edr1-3, etr2, api5, and prx33 
showed increased susceptibility to F. oxysporum (Figure 4.4). In addition, lyk4 showed increased 
resistance to F. oxysporum relative to the WT Col-0. Peroxidase 33 (PRX33) is known to play a 
role in generating H2O2 during the defence response. ETR2 is involved in ethylene perception in 
Arabidopsis. Enhanced disease resistance 1 (EDR1) confers resistance to powdery mildew disease 
caused by the fungus Erysiphe cichoracearum. API5 is an apoptosis inhibitory protein 5 while 
LYK4 is a lysine motif receptor-like kinase and is important for chitin signalling and plant innate 
immunity in Arabidopsis.  
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Figure 4.4: PAMP T-DNA insertion mutants and wild type Arabidopsis plants challenged by 
F. oxysporum  
The disease score represents the average proportion of symptomatic leaves per total leaves per 
plant. Asterisk (*) indicates p-value < 0.05 according to Student’s T test; bars represent mean ±SE 
of three independent replicates of 10 plants each.  
 
4.3 Discussion:  
 
Although there was little overlap between the leaf and root gene expression after F. oxysporum 
infection, there was similarity in the types of genes being expressed between roots and shoots. 
Comparisons with publically available microarray data showed that a subset of our induced genes 
A B 
C 
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were JA-responsive which is similar to what was found for the leaf microarray where a significant 
proportion of the induced genes were JA-related (Kidd et al., 2011). Interestingly, the majority of 
the genes that were suppressed by F. oxysporum infection in Arabidopsis roots were also 
suppressed by FLG22 treatment, a peptide often used as an elicitor to analyse the plant PAMP 
response. This result suggests that Arabidopsis is able to recognise F. oxysporum and may switch 
off similar non-defensive pathways that are suppressed during a FLG22 response to co-ordinate a 
successful defence response. However, we could not find co-activation of FLG22-induced genes in 
our array experiment using Genevestigator comparisons and it is possible that F. oxysporum may be 
suppressing genes associated with the root PAMP response as has been previously shown for P. 
syringae strain DC3000 and P. indica on Arabidopsis roots (Millet et al., 2010; Jacobs et al., 2011). 
To test whether we could increase resistance by boosting the host’s PAMP response, we inoculated 
the pub22/23/24 triple mutant with F. oxysporum and found the triple mutant to be more resistant 
compared to the WT. The PUB22/23/24 genes encode U-box type E3 ubiquitin ligases and act as 
negative regulators of PAMP-triggered immune responses (Trujillo et al., 2008).  Immune 
responses activated in the pub22/23/24 mutant included the oxidative burst, MAP-kinase activity, 
and transcriptional activation of ROS and PAMP associated marker genes. The pub triple mutant 
has previously been shown to possess increased resistance to the hemi-biotroph P. syringae, the 
obligate biotrophic oomycete, H. arabidopsidis, and also reduced colonisation of the symbiotic 
fungus P. indica. Therefore, enhancing the PAMP response can increase resistance to a variety of 
organisms including F. oxysporum.   
 
According to our PAMP disease assay, prx33 showed an interesting result to F. oxysporum 
inoculation. Bindschedler (2006) found that silencing peroxidases 33 and 34 blocks the oxidative 
burst in response to F. oxysproum cell walls, and causes enhanced susceptibility to Botrytis cinerea 
powdery mildew and two P. syringae strains, PtoDC3000 and P. syringae pv. maculicola strains 
ES4326. Besides, prx33 was found to be more susceptible to P. syringae than wild-type plants 
(O’Brien et al., 2012). The T-DNA insertion mutant prx33 showed a reduced ROS and callose 
deposition in response to PAMPs, including the synthetic peptide FLG22 and ELF26. prx33 and 
prx34 knockdown lines also showed a diminished activation of FLG22-activated genes after 
flagellin treatment. These PAMP-activated genes were also down-regulated in unchallenged leaves 
of peroxidise knockdown lines, suggesting that a low level of apoplastic ROS production may be 
required to pre-prime basal resistance. These findings showed that PRX33 plays an important role 
in the PAMP pathway, especially in ROS and callose deposition. When PRX33 and PRX34 are 
mutated, the PAMP genes cannot activate effectively, so the F. oxysporum might invade easily with 
a low level of basal resistance, such as low levels of ROS production and callose disposition. For 
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prx33, blocking ROS production might make plants more resistant to F. oxysporum. A knock down 
of EDR1 might increase stress levels and then leads to susceptibility to F. oxysporum. api5-caused 
susceptibility to F. oxysporum might be due to more apoptosis occurring during fungal infection. 
For lyk4 and etr2 it is still unclear why they showed these results against F. oxysporum. However, 
erf72 mutants show an increased resistance with repression of ROS against F. oxysporum. It might 
be an unknown feature of ERF72 in the role of ROS production.  
 
EDR1 is also another interesting gene to investigate. Hiruma et al. (2011) revealed that EDR1 
functions in pre-invasive non-host resistance. When plants lacking EDR1 exhibit impaired entry 
resistance to hemibiotrophic Colletortrichum gloeosporiodies, in contrast to the enhanced resistance 
of edr1 against biotrophic infection of a host-adapted powdery mildew fungus. F. oxysporum is also 
considered as a hemibiotrophic, edr1 also exhibits more susceptibility to F. oxysporum. Thus, 
EDR1 might play a role in resistance to hemibiotrophic and necrotrophic fungi. Hiruma et al. 
(2011) also indicated that EDR1 is required for the induced expression of antifungal protein. Hence, 
EDR1 exerts a positive and critical role in resistance responses to hemibiotrophic fungi, in part by 
inducing antifungal protein expression through de-repression of MYC2 function.  
 
Millet et al. (2010) used callose staining and GUS-promoter constructs to show that the PAMP 
response is inducible in roots by a range of elicitors, and can be suppressed by the JA-Ile analog, 
coronatine. The suppression of the root PAMP response by coronatine required the JA co-receptor 
COI1 and the JA-associated transcription factor MYC2, but did not require suppression of the SA 
pathway (Millet et al., 2010). Similarly our laboratories have previously shown that the coi1 and 
myc2 mutants are resistant to F. oxysporum and that the resistance observed in the coi1 mutant does 
not require activation of the SA pathway (Anderson et al., 2004; Thatcher et al., 2009). Therefore 
these JA signalling components are required both for susceptibility to F. oxysporum as well as 
suppression of the PAMP response and it is possible that the resistance phenotypes of coi1 and 
myc2 to F. oxysporum may be due to the reduced ability of the fungus to suppress the PAMP 
response in these mutants. In addition, different strains of F. oxysporum have previously been 
shown to produce a variety of JA compounds including JA-Ile (Miersch et al., 1999). This could 
suggest that F. oxysporum may use JA-Ile and other JA compounds to suppress the PAMP response 
in order to gain entry to the plant root. Further investigation of the role of fungus-derived jasmonate 
in the root interaction with F. oxysporum is required to confirm these hypotheses.  
 
Interestingly, Jacobs et al. (2011) indicated that the ability of P. indica to suppress host immunity is 
compromised in the jasmonate mutants myc2 and jasmonate resistant1-1 (jar1-1). Thus, JA 
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signalling is also utilised by P. indica to suppress early root responses. In addition, in response to 
arbuscular mycorrhizae (AM), plants react with an increase in SA levels. However in compatible 
interactions, SA levels are reduced as the fungus colonises the cortex, and then induction of JA 
biosynthesis occurs in arbuscule-containing cells (Pozo and Azcón-Aguilar, 2007). Therefore it is 
possible that F. oxysporum might hijack an ancestral pathway for microbial communication to 
evade the host defence response.  
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5 Conclusion: 
 
In conclusion, the work presented gene expression profiles in Arabidopsis roots through microarray 
analyses. Our results showed that we have more repressed genes than induced genes in the root 
microarray. It suggested that F. oxysporum mainly repressed genes in the roots of Arabidopsis. 
Then we compared our expression data with other studies (Kidd et al., 2009; Zhu et al., 2013), we 
only found very little overlap between shoots microarray and roots microarray data. This suggests 
that roots and shoots act differently when F. oxysporum infects the plants. F. oxysporum down-
regulated more genes in the roots and induced more genes in the shoots. Other studies (Attard et al., 
2010; Schlink, 2010) also support this hypothesis using Phytophthora, another root infecting 
pathogen. As we compared F. oxysporum microarray data with Iven et al. (2012)’s Verticillium 
microarray, SA and JA-induced responses appeared not to be crucial during the root infection 
phase. Verticillium-induced gene expression in the roots is not correlated with induction of plant 
hormones. Hence, Verticillium might have similar infection phases as F. oxysporum.  
We performed Genevestigator searches to understand this expression data much further. We found 
that some of the induced genes are also induced by JA. This finding matches other studies (Thatcher 
et al., 2009), suggesting that F, oxysporum hijacks the JA pathway to infect plants. Pantelides et al. 
(2013) revealed that F. oxysporum also hijacks the ET pathway via ETR1 to infect plants. 
Interestingly, Pantelides et al. (2010) suggest that Verticillium dahliae requires ETR1 to enhance 
pathogenicity during Arabidopsis infection. Once again, those two pathogens showed a very similar 
feature of infection phase in Arabidopsis. Studying those two pathogens together might provide 
new insights how to enhance resistance against soil-borne pathogens.  On the other hand, we found 
that many repressed genes were also repressed by FLG22 and P. syringae in roots. It suggests that 
F. oxsyproum might suppress the innate immune system to infect the plants.  
 
According to our microarray data, ERF72 showed significant down-regulation. We confirmed this 
by performing real-time RT-qPCR and the mutant showed a phenotype resistance against F. 
oxysporum. Ogawa et al. (2005) suggested that ERF72 plays a role in the JA pathway, ROS 
production and programmed cell death. We investigated how these three different factors assist 
erf72 to act against F. oxysporum. There was not much difference between wild-type and erf72 in 
jasmonate marker genes such as PDF1.2. However, CHI-B showed a significant increase in the 
erf72 mutant. An increase of CHI-B expression might help plants to defend against F. oxysporum 
infection. On the other hand, ERF1 and AOS also showed some significant expression between 
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erf72 and wild-type. ERF1 showed an induced expression at both, basal levels and after F. 
oxysporum treatment, in roots at the 1 h time point and expression remained induced at the 24 h 
time point. ERF1 also plays a role in the JA pathway and defence response. AOS showed significant 
reduction after F. oxysproum treatment at both 1 h and 24h time points. A reduction of AOS 
transcripts might help plants to fight against F. oxysporum by failing to hijack the JA pathway to 
manipulate the plant defence system. The role of ROS in relation to ERF72 is still unclear, but our 
results showed that erf72 might suppress ROS production. The reduced ROS production might help 
plants to suffer from less damage from ROS and save more energy to defend pathogen invasion.  
 
According to our result, PAMP plays a role of initial defence against F. oxysporum. When PAMP-
related defence genes have been silenced, the mutants exhibited more susceptibility to F. 
oxysporum invasion. Like prx33 that showed a significant susceptibility to F. oxysporum, it 
suggests that a basic level of ROS production is required for fungus resistance. The flg22 assay 
showed that F. oxysporum is an aggressive fungus which is able to suppress the ROS production 
and enhance its toxicity. Besides, when we enhanced the PAMP response, such as in the 
pub22/23/24 mutant, this showed resistance to F. oxysporum. Therefore, a strong PAMP response 
would help plants to defend against F. oxysporum better.  
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6 Future prospects 
 
 More experiments, including comparing other ERF group VII mutants with F. oxysporum 
treatments can be carried out. This may reveal a perfect picture of the ERF group VII 
against F. oxysporum.  
 
 F. oxysporum shows a very similar infecting feature with Verticillium. It will be quite 
intriguing to know whether erf72 shows less susceptibility to Verticillium or not.   
 
 In this project, we investigated various aspects about ERF72. However, we did not 
investigate the role of programmed cell death yet. In the future, we might focus on this 
aspect and get a better picture of ERF72 in resistance against F. oxysporum. The 
experiments proposed include measuring the level of damage to chloroplast, photosynthetic 
parameters, chlorophyll levels, and cell death staining, such as NBT staining.  
 
 To understand more about oxidative burst, the FLG22 assay might need to be investigated a 
bit further. We would like to know whether oxidative burst can occur for a second time after 
F. oxysporum spore inoculation.  
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